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ABSTRACT. 

The natural subterranean reservoirs formed by the porous and permea- 
ble rocks differ from surface reservoirs chiefly in that they have complex 
structure and great internal resistance to the flow of water. Their full 
utilization requires systematic development based on the geology and hy- 
drology of the aquifer and the principles of hydraulics distinctive of 
ground water. The methods of increasing recharge are of two ‘kinds: 
(1) Indirect methods, in which increased recharge is accomplished by 
locating production wells as close as practicable to areas of rejected re- 
charge or natural discharge, and (2) direct methods, in which water from 
surface sources is conveyed to points from which it percolates into a body 
of ground water. The direct methods can also be divided into two groups: 
(1) Recharge by surface application, and (2) recharge through wells. 
This paper discusses the different methods in relation to geologic structure 
and ground-water hydraulics and gives numerous examples. 


INTRODUCTION. 

The porous rock formations are natural reservoirs of great value in that 
they contain a major part of the fresh water in the world, they are the principal 
agency that sustains the flow of the streams, and they furnish the water sup- 
plies obtained from springs and wells. In the past these natural reservoirs 
have been exploited largely in a hit-and-miss fashion, but in the future they 
must be developed and operated in an intelligent and systematic manner in 
order that they will be of maximum perennial use. The amount of ground- 

! Published with the permission of the Director of the Geological Survey, U. S. Depart- 
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water recharge is not a fixed and immutable quantity but can be greatly in- 
creased, with the result that better use can be made of available water supplies. 
Some of the principles and methods of artificial recharge were extensively 
investigated early in this century by J. G. Richert, of Sweden, and he stated 
that by these methods unlimited supplies of pure water can be obtained in many 
places in Europe for the public water works (19).2 The subject is complex 
but depends upon the application of certain basic principles (16). 


HYDRAULICS OF RECHARGE, 


THE subterranean reservoirs differ from the surface lakes and reservoirs in 
the great frictional resistance that they offer to the movement of the water 
which they contain, with the result that the ground water behaves like a 
viscous fluid, moving only very slowly even under hydraulic gradients that 
are relatively high. Frictional resistance is, of course, the inverse of permea- 
bility. It has both advantages and disadvantages with respect to water sup- 
ply, but it must be reckoned with in all problems of artificial recharge. 

In their natural state, the subterranean reservoirs are generally filled con- 
siderably above the levels of their natural spillways. In wet periods the water 
levels in their intake areas are built up far above their spillway levels by 
penetration of rain and snow water and by seepage from influent streams, and 
hence relatively steep hydraulic gradients are established, with increased 
effluent seepage (ground-water runoff). In dry periods the recharge dimin- 
ishes, the water table flattens out, and the rate of discharge declines until some 
springs and streams become entirely dry. Obviously in this respect frictional 
“esistance is very beneficial, for without it the ground-water levels would drop 
rapidly and the flow of the streams would dwindle quickly in periods of fair 
weather. 

Even in the driest periods, when the water table is at its lowest stage and 
the streatn flow is at a minimum, most of the subterranean reservoirs still 
contain large supplies of fresh water, which can be recovered simply by drill- 
ing wells and lifting the water out of the subterranean reservoirs. When a 
well is drilled the water that is pumped from it at first is taken entirely from 
storage. The so-called cone of depression that results from pumping is not 
truly conical. Its shape is such as to provide hydraulic gradients toward the 
well sufficient to bring the pumped water to the well against the frictional 
resistance of the formation. 

When the cone of depression of one or more wells reaches an effluent 
stream the discharge into the stream is decreased, and if the cone is enlarged 
sufficiently to reverse the gradient the stream becomes influent and there is 
increased recharge. When the cone of depression reaches an area of so- 
called rejected recharge, the amount of recharge is increased because room is 
made for surface water that would otherwise be unable to seep into an already 
saturated terrane. There is no sharp distinction between areas of rejected 
recharge and effluent streams that can be converted into influent streams, for 
a great variety of intermediate conditions can be found, and, in a sense, an 


2 Numbers in parentheses refer to bibliography at end of article. 
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effluent stream is in an area of rejected recharge. All such areas are alike 
in that additional ground-water recharge can be developed in them by pumping 
from wells. 

The early estimates of the perennial ground-water supply in southern 
California were too low because they were based on recharge under condi- 
tions which prevailed at that time. However, as pumping was increased, 
much of the rejected recharge became ground water. Water that otherwise 
would have flowed down the streams and, in large part, would have been 
wasted into the sea, found storage space in the subterranean reservoirs. The 
records of water-level fluctuations in observation wells in that region show 
that in certain wet winters the recharge is very great and provides a large 
part of the water for heavy pumping in a whole series of subsequent years 
(4). In this case uncontrolled ground-water developments that seemed ex- 
cessive have had important unforeseen benefits. 

The little artesian reservoir that furnishes the principal water supply for 
the city of Ogden, Utah, lies in an intermontane valley back of the city, and 
is now partly overlain. by an independent surface reservoir. Investigations 
have shown that each summer the storage in the artesian reservoir is reduced 
and nearly every winter and spring the artesian reservoir is refilled and there 
is rejected water that ultimately runs to waste into Great Salt Lake. Here 
additional recharge and additional perennial supply can be created merely by 
increased use of the artesian reservoir (12, 22). 

Outstanding examples of artificial recharge in the sense of recharge 
created by pumping from wells are furnished by the ground-water develop- 
ments that have induced recharge from the Ohio River at Parkersburg, W. 
Va. (9), and Louisville, Ky. (7), and recently at large war plants in other 
parts of the Ohio Valley. 

In any large ground-water development it is pertinent to inquire whether 
it will divert surface water that is already appropriated, and, conversely, in 
new surface-water developments consideration should be given to possible 
interference with existing ground-water supplies. Thus, there has been in- 
vestigation of the effects of additional pumping from wells in the Safford 
Valley, in Arizona, upon the water supply of the San Carlos reservoir, which 
is downstream (25). On the other hand, the East Bay District, in California, 
before diverting water from the Mokelumne River for the public supply of 
Oakland, Berkeley, and other East Bay cities, made an intensive investigation 
of the possible effects on the large irrigation supplies that were obtained 
farther downstream by pumping from wells (18 and 20). Also, before fur- 
ther new developments were made in Nebraska by diverting additional water 
from the Platte River system, investigation was made of the possible effects 
upon the important water supplies that were pumped from wells farther down 
the Platte Valley (26). Fortunately, in the eastern part of the United States 
there is relatively little interference between surface- and ground-water sup- 
plies, and quite generally artificial recharge can be accomplished with water 
that otherwise would be wasted or put to only minor use. 

When a cone of depression for one or more wells has been developed it 
diverts the ground water from a certain area, beyond which the ground water 
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continues to percolate to other points of discharge. If a new well is pumped 
at some distance from the existing wells, additional ground water will be 
diverted! and the aggregate maximum perennial yield of all the wells will be 
increased. In general, the amount of additional water produced by a new 
well will be increased with the distance of the new well from the old wells, 
until a point is reached where there will be essentially no interference between 
the old and new wells. Thus, under proper conditions, wider distribution of 
wells will increase the perennial yield, either by diverting ground water that 
would otherwise escape from the subterranean reservoir or by increasing the 
recharge or both. 

The wider distribution of wells, of course, requires that either the water 
he used near the wells or else conduits be constructed to carry the water from 
the wells to the points of use. The first alternative was chosen for a paper 
mill with a large water requirement that was constructed near Pensacola. At 
the site originally selected, close to the city, the pumping for the mill would 
have interfered seriously with existing ground-water supplies. A site for the 
mill was therefore chosen at a satisfactory locality about 17 miles north of 
Pensacola, where there was practically no interference (8). The second al- 
ternative was chosen for a large war plant in the Mill Creek Valley, in the 
Cincinnati area. Investigation had shown that the ground-water supply of 
the Mill Creek Valley was already overdeveloped (10 and 23), and therefore 
wells for the war plant were drilled in the Miami Valley and on the low divide 
between the two valleys (30). The new supply was almost entirely from a 
new source (11), but the water must be delivered to the point of use through 
a long pipeline constructed for the purpose. 

Artificial recharge effected by some method of spreading water over the 
surface or by means of recharge wells is subject to the converse rule, namely 
that water recharged near the producing wells will nearly all become available 
as an additional supply for those wells but water recharged at greater dis- 
tances will make only partial contributions to the wells, until a point may be 
reached where recharge will not produce any substantial increase in the 
perennial yield of the wells. The problem of the effectiveness of recharge at 
some distance from producing wells should always be considered, and, if 
practicable, it should be given mathematical study before a development for 
artificial recharge is undertaken. In the artificial recharge that is practiced 
in Europe to increase public water supplies an effort is generally made to 
bring the recharging water close to the wells. In Hamburg the water is led 
through infiltration ditches that traverse the well field, pass near the wells, 
and keep the water table at a high level (15). Obviously, such recharge 
approaches filtration through artificial filter beds. 


GEOLOGIC STRUCTURE IN RELATION TO RECHARGE. 


The other important respect in which a subterranean reservoir differs from 
surface lakes and reservoirs is in the stratigraphy and structure of the aquifer 
and of the entire terrane in which it occurs. In textbooks and general articles 
the geology is usually oversimplified. In actual ground-water developments 
and attempts at artificial recharge the behavior of the water is influenced by 








every 11 
from ol 
should 


as may 
Ina 
either b 
aquifer 
from th 
the pere 
ever, if 
time for 
fully tre 
spreadit 
for iner¢ 
that pen 
or (2) 
where t! 
more wi 
for addi 
Som 
in this 1 
dence is 
steady fl 
decline | 
intake at 
the hum 
intake fa 
The 
capacity 
and hyd 
determin 
down to 
vious be 
posits ab 
been stu 
tions are 
In much 
producin, 
natural r 
would be 
planned 
Proje 
quire tha 
river in 0 
to the w 
installatic 
river bot 








of 


he 
of 
re 
de 
la 
oh 


the 
ely 
ble 
lis- 
be 
the 
2 at 

if 
for 
iced 
Pp tO 
led 
ells, 
arge 


trom 
uifer 
ticles 
nents 
“d by 





ARTIFICIAL GROUND-WATER RECHARGE. 195 


every irregularity of the rocks, however obscure it may be or however hidden 
from observation at the surface. Therefore, attempts at artificial recharge 
should be based on thorough study of the geology, with as many test borings 
as may be needed to determine the structure in detail. 

In an artesian basin the perennial yield of a group of wells may be limited Tea 
either by the potential recharge in the intake area or by the capacity of the : 
aquifer to transmit the water from the intake area to the wells. If pumping 
from the wells causes persistent decline of the water table in the intake are, 
the perennial supply can be increased by spreading water in that area. Hov 
ever, if the water table in the intake area holds up even after there has bee 
time for the effects of the maximum practicable drawdown at the wells to b 
fully transmitted to the intake area, attempts at artificial recharge by water 
spreading in the intake area will be futile. The only methods then available 
for increasing the perennial yield will be (1) artificial recharge through wells 
that penetrate the confining bed as near as practicable to the production wells, 
or (2) the drilling of new production wells nearer the intake area in places 
where the hydraulic gradient can thereby be increased, with the result that 
more water will be drawn from the intake area and there will be opportunity 
for additional recharge. 











dun 10 194 
DARRIHIATTAK 


- kamen « 


Some of the productive artesian areas in this country are under observation 
in this respect, as, for example, the Houston area (27), but conclusive evi- 
dence is coming in only slowly because of the long time that is required for 
steady flow to become established back to the intake areas and for persistent 
decline of the water table to become manifest. Artificial recharge in the 
intake areas will become more generally practicable in the arid West than in 
the humid East, but other factors besides precipitation are involved, such as 
intake facilities and permeability of the aquifer. 

The determination of the actual intake area and of its actual recharge 
capacity may constitute a complex problem that will require intensive geologic 
and hydrologic study before the practicability of artificial recharge can be 
determined. Thus water applied for artificial recharging may seep rapidly 
down to a water table, but the ground water may be perched over an imper- 
vious bed that returns it to the surface not far away or conducts it into de- 
posits above the confining bed of the producing aquifer. Such problems have 
been studied in the San Joaquin Valley, where large water spreading opera- 
tions are planned as a unit in the comprehensive Central Valley project (29). 
In much of the Mill Creek Valley, near Cincinnati, a clay bed overlies the 
producing aquifer. It has been demonstrated that there is nevertheless heavy 
natural recharge of this aquifer, but more test drilling and experimentation 
would be needed before a project for artificial recharge could be intelligently 
planned (23). 

Projects for inducing large recharge from a river, such as the Ohio, re- 
quire that the production wells or horizontal collectors be located near the 
river in order that steep hydraulic gradients will be established from the river 
to the wells. Great differences have come to light in the yield of similar 
installations, partly because of differences in the infiltration capacity of the 
river bottom and partly because of differences in the permeability of the 
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alluvial deposits that constitute the aquifer and the occurrence of relatively 
impervious beds that intervene between the river and the wells. It is now 
recognized that such installation should be preceded by test drilling and 
hydrologic study, and consideration is now being given to the development 
of effective methods of investigation and testing. 


METHODS OF PRODUCING RECHARGE, 


As has already been explained, the methods of increasing recharge are of 
two kinds: (1) Indirect methods, in which increased recharge is accomplished 
by locating production wells as close as practicable to areas of rejected re- 
charge or natural discharge, and (2) direct methods, in which water from 
surface sources is conveyed to points from which it percolates into a body of 
ground water. The direct methods can also be divided into two groups: 
(1) Recharge by surface application, and (2) recharge through wells (17, 
24). 

The success of any project for direct recharge depends on the unit cost 
of putting the water into storage, which is determined largely by the rate at 
which recharge can be accomplished. The rate, in turn, is controlled largely 
by the permeability of the material through which the recharging water must 
percolate and the amount of clogging produced by the water. In all projects 
the problem of clogging must be considered, and therefore water as clean as 
possible must be used. In many projects provision is made for restoring the 
permeability by removing the clogging material by one method or another. 

There is a considerable variety of surface methods adapted to different 
conditions. Impovnding methods are successful where the formation is quite 
permeable and the water is relatively clear, as in the pond at the Runyon 
waterworks and the Duhernal reservoir, both in New Jersey (2). Impound- 
ing methods are also successful in some places where use is made of recharge 
basins that are periodically rejuvenated by scraping 6r other cleaning process, 
as in the Des Moines waterworks (13). In recharge projects of another 
type the water is spread and allowed to flow over as large a surface of perme- 
able materials as practicable, as in some of the recharge operations that have 
long been in use in southern California. Here the flow of the water is 
counted on to clear away the clogging materials and the water generally is 
not diverted at the peak of a flood when it is very turbid. In other places 
the water is led through infiltration ditches, as in Hamburg, Germany, al- 
ready cited. If the ditches become watertight by silting, provision must be 
made for cleaning them out periodically. A great amount of artificial re- 
charge has been accomplished unintentionally in most irrigation projects 
through seepage losses from the ditches and from the irrigated lands. In 
some irrigation districts, as in the Salt and Gila River Valleys, in Arizona, 
the ground water thus created is pumped from wells, and this pumping 
serves the double purpose of preventing water-logging of the low lands and 
of providing. an additional water supply for irrigation. 

One of the most successful recharge projects is in the Santa Clara Valley, 
adjacent to San Francisco Bay. Here the flood water, much of which would 
normally run into the bay, is impounded and then released at a rate deter- 
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mined by the infiltration capacity of the stream channel and certain infiltration 
ditches (21). It is well known that floods have a tendency to scour the 
stream channels and thus, in influent streams, to remove the watertight con- 
dition of the channels produced by silting and to increase the influent seepage. 
In an investigation of the possible effects of a proposed flood-control dam on 
Queen Creek, in Arizona, upon the ground-water supply, it was at first 
believed that if the dam were constructed a large flow of water would have 
to be released occasionally to remove the silt from the stream channel in 
order to maintain at least the normal ground-water recharge. In the wet 
winter of 1940-41, however, a flow of relatively clear water from the moun- 
| tains came down the creek for a period of several months, and it was found 
7 that during this period the infiltration capacity of the channel increased 
greatly, presumably because the clear running water picked up and carried 
away the fine-grained materials (1). This occurrence suggests that water 
from the proposed reservoir, after clarification by settling, would also main- 
tain the infiltration capacity of the channel. Surface reservoirs such as those 


t in the Santa Clara Valley, of course, add to the cost of a project, but they 
‘ may serve two useful purposes—storage and partial clarification of the water 
t by settling of the suspended load. 
i Recharge through wells is in a still more experimental stage than recharge 
Z by surface application, and it involves distinctive difficuities and limitations. 
RA It has, however, promising features for use under certain conditions, and it 
é- is the chief subject of discussion in the papers prepared for this symposium. 
it Recharging through wells is now extensively practiced in connection with 
oo the recovery of petroleum, both for disposal of brine and for repressuring. 
mn Methods that are successful in the petroleum industry may be too expensive 
1- to be practicable for augmenting water supplies, but they should be studied 
a carefully by water-supply men. 
4 Recharge through wells into cavernous limestone has long been practiced 
ee in Florida and other States to dispose of sewage or other waste water or to 
e- accomplish land drainage where the shallow ground water is perched upon a 
ve relatively impermeable formation overlying the limestone (5, 14, 28). The 
. openings in the cavernous limestone are generally so large that with reason- 
5 able precautions they do not readily become clogged. 
“es A major problem in recharging through wells into sand, sandstone, or 
al- other relatively fine-grained material is to prevent progressive decrease in 
be intake capacity and ultimate failure of the wells. On Long Island recharge 
nae into a sand formation has been practiced so extensively for a period of years 
cts that it is passing the experimental stage. Here the recharging water is 
In pumped from wells and used for cooling and is then returned to the formation 
na, through othér wells without being exposed to the air, and such clogging as 
ing occurs is probably due largely to the fine sand that is brought up with the 
and water when it is pumped and in part to chemical precipitates (3). Where 
surface water is used the clogging of the wells may be caused not only by the 
ley, solid particles carried in suspension but also by algal or bacterial growths. 
wuld Therefore, the water entering the wells should be as nearly clear and sterile 


as practicable, and this requirement is likely to make this method of subter- 
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ranean storage too expensive for use in many cases. Another possibility is 
to clean the wells periodically by pumping, surging, or other recognized 
methods. 

Where producing wells are pumped only seasonally, as for irrigation, it 
may be practicable to use the same wells for recharging during the seasons 
when they would otherwise be idle. In this method clogging might be re- 
lieved during the period of pumping. Moreover, there would be no extra 
cost for recharge wells, and the recharging water would be placed in the center 
of the cone of depression caused by pumping, where it would be most likely 
to benefit the well owner. A trial of such a method has been considered for 
parts of the Grand Prairie, in Arkansas, in which excessive drawdown is 
curtailing the water supply for the irrigation of rice on some farms, and 
where it might be possible to supply the existing wells with locally collected 
surface water during the long period each year when the wells are not being 
pumped. 

Recently attention has been directed toward plans for recharging through 
wells in industrial areas in which the ground-water supplies have been de- 
pleted by heavy putnping, largely for cooling purposes, and in which the public 
supplies are obtained from surface sources. The plan involves recharging 
with water from the public supply in winter when the surface water is cold, 
and thus increasing the supply of cool ground water in the summer when the 
surface water is too warm to be satisfactory for cooling purposes. This plan 
is promising for many cities in which winter and early spring are the seasons 
in which there is excess surface water and low water consumption, leaving 
unused facilities available to furnish clear, sterile water for recharging at low 
cost. To the extent that cold water from the public supply is used in winter 
instead of ground water, the production wells can be used for recharging. 
This plan was put into practice in Louisville during the war emergency on a 
small scale but with definitely beneficial results (6). 


RECHARGE IN RELATION TO TEMPERATURE AND QUALITY OF WATER. 


Much of the demand for ground water is due to its relatively low and 
uniform temperature. The method of returning the water to the formation 
after it has been used for cooling, as on Long Island, serves a useful purpose 
but must eventually defeat this purpose to some extent by raising the tem- 
perature of the ground water. On the other hand, recharging with cold 
surface water in winter will tend to lower the temperature of the ground 
water. The method has possibilities of large-scale refrigeration that may in 
the future become very important and may tend further to make the operation 
of subterranean reservoirs one of conserving as well as consuming energy. 
It has been suggested that the depleted subterranean reservoir in Brooklyn 
could profitably be recharged from the New York public supply when there 
is a surplus of cold water in the Catskill system. 

Water derived through ordinary wells or horizontal collectors that induce 
recharge from nearby surface streams does not have a constant temperature, 
such as is characteristic of ground water. However, its temperature fluc- 
tuates through a narrower range than that of the water in the nearby stream, 
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and it therefore still has a substantial advantage over the stream water for 
cooling purposes (9). Its annual cycle of temperature fluctuation lags con- 
siderably behind that of the stream water. The capacity of the wells and 
collectors is substantially reduced in the season of low temperature because of 
the greater viscosity of the cold water. The water derived by induced re- 
charge from nearby streams may also fluctuate in the kind and quantity of 
its dissolved minerals, according to the fluctuations of the mineral content in 
the stream, but these fluctuations, like those in temperature, have a smaller 
range and occur with some lag. 

Certain tastes and odors in the water of the Ohio River, especially those 
derived from phenolic wastes, have proved difficult to remove in the treatment 
plants of the cities that use the water. In regard to the removal of these 
tastes and odors from the water pumped from wells at Parkersburg, the fol- 
lowing statement has been furnished by R. M. Jeffords, who has investigated 
the ground water in the area for the United States and West Virginia geo- 
logical surveys: 


The public water-supply system of Parkersburg, W. Va., consists of 18 wells 
(recent developments are omitted as data are not available). All but two of these 
are 100 to 150 feet from the river and the wells extend for nearly a mile along the 
river. There is direct evidence that a substantial part (40 to 60 per cent) of the 
recharge is derived from the river. This evidence comprises a close correlation 
between river stage (determining the rate of infiltration) and temperature, hard- 
ness, bicarbonate, and free carbon dioxide in the well water. 

Recharge from the river has taken place since the well field was put into 
operation in 1929. According to the operators, the water from these wells has not 
contained phenol or similar tastes or odors at any time. However, water from 
a system of screens in the river bed and covered by 3 to 6 feet of sand is affected 
strongly in the cooler seasons. A water works journal in the last year reported 
tastes and odors in the water from the wells at Parkersburg, but these tastes were 
from the river filter only. 

The only occurrence of tastes and odors derived from the river that has come 
to my attention is at the West Virginia Ordnance Works, Pt. Pleasant, W. Va. 
The State Health Department has reported a slight taste and odor in water from 
one or more of their collectors. 

Experience along the Upper Ohio River is that water from vertical wells 75 
to 150 feet from the river bank does not contain tastes or odors derived from 
phenol or similar compounds. Infiltration cribs or similar installations in which 
river water passes through less than 15 feet of sand are not satisfactory in pre- 
venting these tastes and odors. 

Obviously, this subject deserves critical study as to the extent and cause 
of the removal of the phenol and as to whether the action will be temporary 
or perennial. 

The question of bacterial pollution of the ground water through recharging 
requires careful consideration. Some good investigations have been made as 
to the distance that pollution will be carried by water through sand and other 
granular deposits, and a considerable body of data on the subject is accumu- 
lating, largely from the installations that induce river recharge. More exact- 
ing and conclusive investigations are, however, much needed. 

The available data point to the conclusion that bacterial pollution generally 
is not carried very far through sandy deposits. The installations that induce 
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recharge from polluted streams generally show rather effective removal of 
the pollution from the water in its journey from the stream to the wells. 
Moreover, in such installations chlorination can readily be applied to assure 
safety. Where ground water is returned without being subjected to pollu- 
tion, as on Long Island, or where properly treated surface water from a public 
supply is used for recharging through wells, no serious sanitary problem is 
involved. 


U. S. GEOLOGICAL SuRVEY, 
WasHINcTON, D. C., 
Feb. 22, 1946. 
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PRELIMINARY CHEMICAL CORRELATION OF CHROMITE 
WITH THE CONTAINING ROCKS.* 


TP. aed ANaon: 


ABSTRACT. 

Chromite investigations of the U. S. Geological Survey since 1939 
indicate that economic deposits of chromite rich in normative spinel 
((Mg, Fe)Al.0,) occur in peridotites which are closely associated with 
gabbro; high-chrome chromites occur in feldspar-free peridotites; and 
chromites rich in both normative chromite ((Mg, Fe)Cr-O,) and magnet- 
ite (FeFe.O,) are found in the pyroxene-rich stratiform complexes. Re- 
action of high-alumina chromite with diopsidic gabbro to form anorthite, 
olivine, and enstatite is described, and some probable equilibria between 
chromite and silicate minerals are discussed. 

A plot of 63 complete analyses on a triangular prism of composition 
shows that chromites from different geologic provinces in the Western 
Hemisphere vary consistently and fall in overlapping, but distinct, fields. 
The chromites of the Caribbean Province, which occur in dunite and 
troctolite, have the general formula Croes-soAlissFe.-s( Mges-7) and average 
about CrseAliz( Mg). The chromites of the Pacific Coast, which occur in 
dunite and saxonite, average about CryAla(Mgeo) in the range Croo-izAlie-ss- 
Fes-12( Mgis-zs ). 

The stratiform deposits of the Stillwater and Bushveld complexes occur 
in harzburgite and bronzitite, and are very much alike, averaging CrAl: 
(Mg) and CrasAlu( Mg.) respectively. Chromites from gabbroic facies 
of the Bushveld complex are much richer in normative magnetite, presum 
ably reflecting a higher CaO: Al.O; ratio in the silicate environment. 


INTRODUCTION, 


DeTAILED study of chromite deposits during Strategic Mineral Investigations 
of the Geological Survey, U. S. Department of the Interior, has revealed 
great variations in the composition of chromite, not only from widely separated 
regions, but within relatively small districts in which all the deposits occur 
in one kind of rock. Local variation is shown in the Sagua de Tanamo dis- 
trict in eastern Cuba, where samples of chromite from two deposits, both of 
which are in dunite and about a mile and a half apart, contain about 38 and 
55% Cr,Oy,, respectively, and show comparable variation in Al,O,. Regional 
variation is shown by the difference between the high-iron chromites of the 
Stillwater complex and the high-alumina chromites from Cuba; the major 
differences in the chemical composition of these chromites have been known 
for about 20 years, but knowledge of the rocks in which they occur has been 
so meager that the controlling petrologic factors could not be discussed with 
any degree of assurance. Although much more detailed chemical and micro- 
scopic work is necessary for a thorough study of chromite and its relation to 

* Presented before the Society of Economic Geologists, December 28, 1945. Published by 
permission of the Director, Geological Survey, U. S. Department of the Interior. 
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associated peridotites, some aspects of the problem involved can be indicated 
from the information which has become available in the last five years. 

The ideas presented in this paper were developed in discussions of prob- 
lems related to the genesis of chromite and ultramafic rocks with other mem- 
bers of the Geological Survey who took part in the chromite investigations, 
but they are not to be regarded necessarily as in accord with the opinions of 
all the individuals, or as representative of the views of the group as a whole. 
Messrs. P. W. Guild, J. W. Peoples, C. S. Ross, R. E. Stevens and F. G. 
Wells have critically read the paper, and have contributed much to the ideas 
that it contains. 

Gabbroic rocks and highly aluminous chromite are clearly associated in 
several districts. The aluminous chromites in Grant County, Oregon, are 
in peridotite which grades into gabbro, and dikes of highly calcic pegmatitic 
gabbro cut some of the ore bodies. Investigations in Cuba have revealed 
many gabbro and troctolite dikes, some of which are several feet thick and 
very coarse grained, cutting large chromite ore bodies. In several mines, 
and notably at the Cayoguan mine in Oriente Province, masses of brecciated 
chromite tens of feet across have been invaded and cemented by gabbro and 
troctolite that are pegmatitic in habit. Some of the larger gabbro dikes 
contain pyroxene crystals up to three feet in length and enclose blocks of 
chromite several feet across. The inclusions in troctolite show evidence of 
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Fic. 1 A. Reaction rims of altered anorthite around brecciated and resorbed 
chromite. Drawing from a photograph of specimen from La Constancia mine, 
Oriente, Cuba. 
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Fic. 1 B. Photomicrograph of section from same specimen, showing zonal 
distribution of decomposed anorthite(an), olivine(ol) surrounded by a narrow 
rim of serpentine, enstatite(en) and diopside(di). Plain light. 


resorption, for splinters of chromite are rarely seen, and some of the larger 
fragments have been so rounded that they resemble stream-worn pebbles." 
Most of the blocks of chromite in gabbro, however, show little evidence of 
corrosion, although in places some bright-green pyroxene which probably 
contains chromium is present. 

Reaction between gabbro and chromite is unusually well illustrated in a 
specimen collected by P. W. Guild at La Constancia mine in eastern Oriente 
Province. In this specimen the breccia fragments of chromite show many 
hooks and embayments apparently developed by resorption, and are rimmed 
by white decomposition products of calcic plagioclase (Fig. la). The in- 
terstitial material consists of diopside, enstatite, and partly serpentinized 
olivine. These minerals, as shown in Fig. 1b, are zonally arranged: feldspar 
or its decomposition products are nearest the chromite, olivine is next to the 
feldspar, and enstatite next to the diopside, which lies midway between the 
chromite grains. The irregular outlines of the diopside grains and rod-like 
inclusions of diopside in some enstatite grains show that the diopside was 
replaced by the enstatite, and the embayment of the enstatite by olivine indi- 
cates that it in turn was replaced. The enstatite rim shown in the photo- 
micrograph seems to be a single grain, and the olivine grains showing highly 


1 Thayer, T. P., Chrome resources of Cuba. U. S, Geological Survey Bull. 935-A: Plate 
8, 1943. 
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developed parallel cleavages probably are-parts of a single crystal, for they are 
in uniform optical orientation. 

Analogous relations are shown in nodular chromite cut by a dike of milli- 
meter-grained olivine gabbro in the Guillermina mine in Camaguey Province. 
The dike is about an inch thick and composed of olivine, augite, and calcic 
plagioclase (An,;,). The olivine is much more abundant near the margins, 
and the nodules of chromite at the edge of the dike are highly resorbed and 
plated, as it were, with plagioclase. 

These relations are believed to illustrate reaction of chromite rich in spinel 
with diopsidic gabbro under suitable conditions to form anorthite and forster- 
ite, and to substantiate Bowen’s hypothesis for the formation of chromites of 
various compositions.” 

COMPOSITION OF CHROMITE. 

The variation in the composition of chromite, (Mg,Fe)O.(Cr,Al,Fe).O, 
can be best shown graphically on the spinel triangular prism of composition 
devised by W. D. Johnston, Jr., and described by R. E. Stevens.* The 
edges of the prism represent the R,O, constituents and the top and bottom 
represent the RO constituents of the theoretical spinel molecule (RO.R,O,). 
Analyses to be plotted must therefore be stated in terms of the proportions 
of Cr,O;, Al,O;, and Fe,O, in the total R,O,, and of MgO and FeO in total 
RO. For convenience, the composition of a chromite may be stated in terms of 
molecular ratios of the R,O, and RO constituents thus: Cr, Al, >Fe,,(Mg¢o- 
Fe,,). Since the Fe,O, and FeO can be readily calculated by difference, the 
formula can be shortened to Cr,,Al,,(Mg,,.). Ferrous iron need be stated 
only in very unusual circumstances, and should not be confused with ferric 


TABLE 1. 


METHODS OF STATING COMPOSITION OF CHROMITE 
(In mol per cent.) 


Proposed System. 


Formula. 
(1) CraeAlssFes(Mg72Fe2s) = CraoAles(M gio) 
(2) CrsoAlyFess(MgsFeo7) = CrsoAls’Mgs;) 


Norms. 


No. 1 No, 2 
Chromite (Mg, Fe)CreOx 42.4 30.1 
Spinel (Mg, Fe)AloOs 53.4 7.0 
Magnetite FeFe20, 4.2 62.9 
MgO/FeO 72/28 3/97 


By end members (Stevens and others). 


No, 1 No, 2 
MgAlhO, 53.4 MgAhO, 4.4 
MegCr.0, 16.7 FeAlO; 2.6 
FeCreO, 25.7 FeCreO4 30.1 
FeFe:0, 4.2 FeFe20, 62.9 


2 Bowen, N. L., Evolution of the Igneous Rocks. Princeton University Press, pp. 279-281, 
1928. 

3 Stevens, R. E., Composition of some chromites of the Western Hemisphere. Am. Miner. 
29: 29-34, 1944, 
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iron, which must be given whenever: ranges in composition are considered. To 
avoid ambiguity without the use of superscripts for valence, the figure for 
ferrous iron is placed in parentheses with the other RO constituents. 

This method of expressing composition has three advantages over pre- 
viously suggested systems: (1) the entire composition range of chromite is 
covered by a single set of standard constituents and ratios; (2) the position 
of any given chromite in the composition diagram can be plotted readily and 
(3) the normative composition of a given chromite can be seen at a glance, 
as shown in the accompanying examples (Table 1). 

The normative composition of a chromite, as stated in the suggested form, 
is believed to best indicate the chemical relations between that chromite and 
its silicate environment. The ratio of MgO to FeO in the chromite can be 
readily compared with the MgO: FeO ratio in the country rock olivine. and 
pyroxene, which should be related. Variations in the ratio of normative 
spinel to normative chromite and magnetite should likewise reflect variations 
in the composition of the surrounding silicate system. 

HYPOTHETICAL REACTIONS AND EQUILIBRIA BETWEEN CHROMITE AND 

SILICATE SYSTEMS. 

Although chromite occurs as an accessory mineral in a wide variety of 
ultramafic rocks, deposits of economic interest are restricted to a few. Table 
TABLE 2. 

SoME PROBABLE EQUILIBRIA BETWEEN CHROMITE AND SILICATE SYSTEMS. 


Type of 


Dominant Constituents Chromite | Gangue | Rock Type Example 
1. Mg+Al+Cr+SiOz aoe GOPPAA:, <5 Olivine | Dunite Guatemala 
2. MG +Al+Cr +SiOz = CrAl.....| Olivine’ | Dunite E. Oregon 
3. Mg4+ Fel! +Al+Cr +SiO2 — CrAlMgFe | Olivine, | Saxonite Stillwater 
| bronzite (harzburgite) 
(anorthite) | 
| 
4. Ca+Mg+Al4+Cr+SiOz: =— CrAl.....} Olivine, Troctolite Camaguey, Cuba 
anorthite 
5. Ca+Mg+Al+Cr4+SiO2. =—CrAl... Olivine, Olivine Stillwater 
enstatite, norite pegmatite zones 
anorthite 
6. Ca+Mg+Al+Cr+sio2. >" CrAl..... | Anorthite, Norite 
enstatite, | 
diopside? | 
7. MgCrAl+Ca-+SiOz SSGVALs pve | Olivine, Troctolite | 
| anorthite 
8. MgCrAl+Ca +SiOz = CrAl.....| Olivine, Olivine | La Constancia, 
enstatite, gabbro | Oriente, Cuba 
| anorthite | | 
| 
9, MgCrAl+Ca+sI02 —= CrAl ..| Chrome- | Gabbro | E. Oregon and 
| diopside, Cuba 
anorthite 
| | 
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2 shows a number of equilibria which are suggested by economic deposits in 
rocks ranging from saxonite or harzburgite (olivine-enstatite rock) to dunite 
(olivine rock) and troctolite (olivine-feldspar rock), and some probable reac- 
tions between chromite and silicates for which evidence has been found. In 
these equations the constituents which are present in moderate relative excess 
are italicized and those in great relative excess are capitalized; for the sake of 
simplicity the formula for chromite has been abbreviated, and iron has been 
omitted in most of the equations. 

The relations seen in the Cuban ores are interpreted as evidence that mag- 
nesia, ferrous iron, and alumina can be subtracted from chromite without loss 
of chromium from the molecule in reactions that result in formation of plagio- 
clase, olivine, and orthorhombic pyroxene (Eq. 8); the remaining chromite 
is therefore richer in chromium than the original. 

Under conditions where garnet, monoclinic pyroxenes, amphiboles, or 
chlorites are formed, the chromium enters into the reaction (Eq. 9) and, 
theoretically, the chromium content of the remaining chromite may be un- 
changed. 

Chromites rich in normative spinel might be expected to behave as spinel, 
whereas those rich in normative chromite and magnetite would more closely 
resemble magnetite in chemical behavior. Spinel is restricted in occurrence 
to mafic igneous rocks or metamorphic rocks deficient in silica, whereas mag- 
netite occurs in nearly all varieties of igneous rocks, including those very rich 
in silica. Spinel-rich chromites, accordingly, should be essentially restricted 
to subsiliceous rocks rich in olivine and anorthite, but magnetite-rich chro- 
nites might occur in several varieties of rocks, including pyroxenite of the 
websterite (rhombic and clinopyroxene) type and gabbro. 

The concentrations of lime and silica in the system appear to be important 
in controlling reaction of gabbro with spinel-rich chromite, for reaction would 
appear to stop when all of the silica is combined in olivine or anorthite (Eq. 7) 
or as soon as all of the lime is tied up in plagioclase (Eq. 8) or chrome diop- 
side (Eq. 9). 

The silica content of the magma theoretically should have only slight 
effect on the composition of the chromite in environments deficient in lime, 
and even in lime-rich environments the composition of the chromite might 
not be affected by a wide range in silica content. The absence of corundum 
and aluminum silicates from fresh peridotites suggests that under normal 
magmatic conditions even free quartz might not react with chromite, and in 
places chromite has remained apparently unaffected even though the original 
gangue has been completely silicified. Addition of silica to a mixture of 
chromite and olivine would result merely in the conversion of olivine to 
enstatite. In a lime-rich environment, likewise, if sufficient silica is present 
to combine with all the lime as anorthite, limited variation in silica will only 
change the enstatite-olivine ratio unless other factors favor formation of 
chrome diopside. If chrome diopside is formed as the result of addition of 
silica, the composition of the chromite would obviously be affected. 

A comparison between chromites formed under similar magmatic condi- 
tions but in the presence of differing concentrations of lime is afforded by 
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Van Der Walt’s analyses of samples from band no. 8 and of disseminated 
chromite “45 feet horizontally” (about 25 feet stratigraphically?) above band 
no. 8 of the Bushveld complex.* The chromite in the band, which is a typical 
bronzitic chromitite containing a small amount of feldspar, averages about 
Cr,,Alz,(Mg,)), but the disseminated chromite, which is in anorthositic gab- 
bro, has the composition Cr,,Al,,;(Mg,.). The drop of a third in the total 
alumina is accompanied by a two-fold increase in the amount of ferric iron, 
and a 50 per cent increase in ferrous iron. 

The replacement of diopside by enstatite in the specimen from La Con- 
stancia mine shows the removal of lime from diopside, and corrosion of the 
chromite indicates the removal of alumina and magnesia from it. Presum- 
ably, therefore, if the reaction had gone to completion, the chromite would 
have been in equilibrium with anorthite, olivine, and enstatite. This reaction 
is believed to account in large part for the common association of chromite 
deposits of the California® type with dunite or troctolite and olivine-rich 
saxonitic peridotite. 

Chromites formed in a troctolitic (anorthite-olivine) environment should 
be rich in spinel (Eq. 4), and those crystallized in a gabbroic system should 
be rich in normative chromite and magnetite (Eq. 5,6). However, chromites 
which occur in troctolite formed from gabbro by reaction might vary widely 
in composition and could be chemically identical with chromite formed from 
norite. The composition of the residual chromite, furthermore, would be a 
function of the proportions and compositions of the original gabbro and the 
original chromite fully as much as of the final troctolite. From this it fol- 
lows that in general uniformity in composition of the chromite occurring in 
a given kind of rock in a given district indicates a relatively simple history 
of crystallization in an environment similar to that in which the chromite is 
now found, whereas variation in composition implies complex history. The 
relative chemical uniformity in the chromites of the Stillwater complex or the 
Camaguey district, for instance, is in marked contrast to the wide variation in 
the chromites from the Sagua de Tanamo district in Cuba or from eastern 
Oregon. 

The composition of the chromite in a given peridotite mass might be 
expected to reflect the overall composition of the magma in several ways. 
First of all, the ratio of MgO to FeO in the chromite should be related to the 
composition of the olivine and enstatite; high-iron chromites should accom- 
pany bronzitic saxonites and high-magnesia chromites should be in forsteritic 
dunites. Ina very broad way this relation is shown by the general dominance 

4Van der Walt,,.C. F. J., Chrome ores of the western Bushveld complex. Trans. Geol. 
Soc. South Africa, 44: 86, 109, 1941. The analyses were recalculated approximately by the 
writer to balance the RO and R,O, in accordance with the spinel formula. 

5 Convenient names are needed to distinguish between the two principal types of chromite 
deposits, viz., (1) stratiform deposits, exemplified by those in the Bushveld and Stillwater 
complexes; and (2) deposits which occur in non-stratified masses of peridotite, classified by 
Sampson as evenly scattered, schlieren banded, sackform, and fissure-form. (Sampson, Ed- 
ward, Chromite Deposits. Ore Deposits as Related to Structural Features, Princeton Univ. 


Press, 110-111, 1942.) Because many of the deposits of type 2 are well-layered and tabular, 
the term “non-stratiform” is not entirely satisfactory for the group. It is therefore proposed 


that geographical names be vised: Bushveld for the true stratiform deposits, and California 
for the others, which are exhibited in great variety in that state. 
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of MgO over FeO in terrestrial chromites, as contrasted with chromite from 
meteorites, and the restriction of chromite to highly magnesian rocks. Chro- 
mite approaching theoretical ferrochromite (FeCr.O,), therefore, would not 
be expected to occur in peridotite. 

The relation between the MgO: FeO ratios in chromite and in ortho- 
pyroxenes in the western Bushveld complex has been described in some detail 
and ably discussed by Van Der Walt.6 He quotes analyses to show that, 
although the MgO: FeO ratio in the chromite is much lower than that in the 
bronzite, the ratios are related and vary systematically, and from their rela- 
tions he postulates local variations in the sequence of crystallization. The 
same principles, presumably, would apply to chromite in olivine-rich rocks, 
and it is believed that in magmas enriched in iron the iron content of the 
chromite increases much more rapidly than that of associated silicates. 

The ratio of FeO to Fe,O, should be a function of the state of oxidation 
of the iron in the magma. Since the chromite constitutes a small proportion 
of the whole magma, and as only small amounts of Fe.O, are readily taken 
into olivine and enstatite, slight variation in the ferric iron content of the 
magma should be greatly magnified in the ratio of the iron oxides in the 
chromite. If chromite were formed in a highly oxidized magnesian environ- 
ment it should be rich in Fe,O, combined in magnesio-ferrite (MgFe.O,), 
but as most chromite is consistently low in Fe,O,, it is believed to have been 
formed in a reducing environment. 

The ratios of the R,O, constituents in chromite may be controlled by 
a number of factors, including the relative amounts of Cr,O, and Al,O, 
available for chromite, the ratio of lime and soda to alumina, and the concen- 
tration of Fe,O,. The ratio of Al,O, to Cr,O, in chromite in equilibrium 
with an olivine-bearing magma would be controlled by the total concentration 
of Cr,O, and the Al,O, in excess of CaO and Na,O, but would not be affected 
by comparatively great variations in the silica content of the magma. Al- 
though gamma alumina might be taken into solid solution in the chromite, 
only one analysis made so far—of weathered material which contains 75 per 
cent of normative spinel—suggests that it actually has been. 

Extensive research with dry melts would reveal some of the equilibria 
between chromite and silicates, but the experiments would be very expensive 
and difficult because of the high temperatures involved, and for various rzasons 
would be limited in their application to natural rocks. For the present, com- 
parison of analyses from various petrologic provinces indicates that careful 
study of the relations between chromites and the peridotites in which they 
occur will yield much information on the evolution of the ultramafic rocks. 
The apparent sensitivity of chromite to slight differences in the composition 
of the surrounding magma renders it especially valuable as an indicator. 


VARIATION TRENDS IN DIFFERENT CHROMITE GROUPS. 


In a plot of 52 complete analyses, Stevens showed that chromites appar- 
ently fall in a zone of isomorphism that extends downward from the upper 


6 Van Der Walt, C. F. J., op. cit. 44: 88-92, 1941. 
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edge of the prism between MgAl,O, and MgCr,O, in a smooth curve toward 
the magnetite corner, swinging away from the magnesioferrite corner‘ (Fig. 
2). The lower half of this curve is outlined by only 5 analyses, all of material 
from Casper Mountain, Wyoming. In all of these analyses R,O, significantly 
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Fic. 2. View of spinel triangular prism of composition along line of sight 
parallel to lines of equal ferric oxide content, showing zone of isomorphism. After 
R. E. Stevens. 


exceeds RO, and some of the material is known to contain secondary hema- 
tite. All of the chromite from Casper Mountain is believed to have been 
more or less altered by granite intrusives and it has therefore been omitted 
from the present discussion. Five analyses of Brazilian chromites which 


7 Stevens, R. E., op. cit., Fig. 3. 
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Stevens plotted have also been left out because little is known about the rocks 
in which they occur. 

In the accompanying diagrams (Figs. 3 and 4) 63 complete analyses ma 
in the Geological Survey chemical Athi els have been plotted on projec 
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COMPOSITION OF SOME CHROMITES OF 
THE WESTERN HEMISPHERE 


Fic. 3. Projections of part of the spinel prism of composition, showing varia- 
tions in 63 samples analyzed by the U. S. Geological Survey. A, projection nor- 
mal to the face bounded by the Cr.O,; and Fe.O; edges; B, projection normal to the 
face bounded by the Al.O; and Cr:O, edges. 


of parts of the spinel prism of composition. These projections show that 
when the analyses are identified geographically or by geologic provinces the 
random pattern of Stevens’ diagram is resolved into several overlapping but 
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distinct groups of analyses. The fields covered by the various groups indi- 
cate consistent variations through composition ranges of such magnitude that 
chance must be ruled out as the controlling factor. The Caribbean chromites, 
for example, lie in a different part of the prism from the Kenai and Still- 
water. Although analyses of more samples would undoubtedly broaden most 
of the fields and increase the areas of overlap, it is believed that the available 
analyses justify certain preliminary conclusions. Perhaps at this point in 
the discussion it would be well to emphasize the fact that all of the chromites 
analyzed are from comparatively well-defined segregated masses which are 
of economic interest, and there is reason to believe that they may differ mate- 
rially in composition from accessory chromite scattered through the same 
peridotites. 
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COMPOSITION OF SOME CHROMITES OF THE WESTERN HEMISPHERE 


Fic. 4. Projection of part of the spinel prism of composition showing varia- 
tion in the R.O; constituents of 63 chromites analyzed by the U. S. Geological Sur- 
vey. Projection normal to the top of the prism. X designates Cuba. 


The principal feature common to all the chromites is a low content of 
ferric iron, and a general lack of correlation between the proportions of ferric 
and ferrous iron (Fig. 3). Only 4 samples of the 63 analyzed exceed Fe,,. 
The Pacific Coast samples show the greatest variation in the ratio of ferrous 
to ferric iron, with no change in ferric iron through the range (Fe,,.;,). The 
eastern Oregon chromites apparently show a decrease in Fe,O, as FeO in- 
creases, whereas the Stillwater and Kenai curves show a gradual increase of 
FeO, with FeO, which would perhaps seem more “normal.” 

The contrasts between trends in variation of composition are best shown 
by plotting MgO against Cr,O,, as in Fig. 3, which is a projection of part of 
the prism normal to the face between the Al,O, and Cr,O, edges. In this 
projection the Caribbean chromites are shown to range between Cr,, and Cr,, 
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with Mg essentially constant at about 70 per cent of the RO. The Pacific 
Coast chromites, in contrast, show a restricted range in Cr,O, from Cr,, to 
Cr,,, and wide range in MgO, from Mg,, to Mg.,. The Kenai and Still- 
water fields are very similar and indicate marked increase in MgO with 
Cr,O,, which is just the opposite of the eastern Oregon field. 

The relations of the R,O, constituents in the various groups are best 
brought out in Fig. 4, which is a top view of the prism. The wide range of 
the Caribbean group and the limited range of the Stillwater group are espe- 
cially well shown, and’ major differences between the Kenai and Stillwater 
fields are apparent. 


CORRELATIONS BETWEEN CHROMITE GROUPS AND PETROLOGIC PROVINCES. 

The Caribbean and Eastern Oregon Provinces—Chromite deposits of 
economic interest occur in Cuba, Guatemala, and Venezuela, on three sides 
of the western Caribbean Sea. The deposits in Guatemala are noted for 
their high chromium content and high chromium-iron ratio; they occur in 
dunite associated with feldspar-free peridotites. 

The deposits in certain parts of Cuba, particularly in the Mayari district 
in Oriente, are known from numerous partial analyses and one complete 
analysis to be similar in composition to the Guatemalan. Most of the Cuban 
deposits, however, are high in alumina, ranging from Al,, to Al,,, and in all 
of them MgO ranges from Mg,, to Mg;,; they are therefore rich in normative 
spinel. The chromite of the larger deposits in the Camaguey district is 
remarkably uniform and averages about Cr,,Al,;(Mg,;,). The Cuban de- 
posits show a close correlation between the Al,O, content of the chromite 
and the occurrence of gabbroic rocks. The Mayari high-chrome district is 
almost devoid of gabbro, only a few small dikes having been found there, but 
in the other major districts gabbro and troctolite form large masses and can 
be found in or near almost ail chrome mines. The chromite in some of the 
minable deposits in Camaguey occurs in troctolitic gangue and chromite has 
been found in gneissic troctolite in Oriente. Complete analyses of three 
samples of cleaned chromite from troctolite gangue show a range in AI,O,, 
and Cr.O, of less than 3 mol per cent, from 53 to 55.8 and 40.9 to 424 
respectively. The chromite in all these deposits shows evidence of much 
resorption. Geologic mapping in the Camaguey district has demonstrated a 
close areal relation between major chromite deposits and gabbroic rocks 
which can be used as a guide in geophysical prospecting for concealed ore 
bodies.® 

In two districts in Oriente, near Holguin and Sagua de Tanamo, the 
composition of the chromite varies erratically between neighboring deposits, 
although the matrix of the ore in all the deposits is dunite. The Sagua de 
Tanamo district appears to be intermediate between the Mayari high-chrome 
district and the Moa high-alumina district, for it lies between them, and is 
bordered on the east by an extensive area of gabbroic rocks. A sample of 
chromite having the composition Cr,,Al,,(Mg,,;) was obtained from a small 


8 Flint, D. E., Albear, J. F., and Guild, P. W., Geology of the Camaguey chromite district, 
Camaguey Province, Cuba. U. S. Geol. Surv. Bull. in preparation, 
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deposit in dunite surrounded by gabbro near the eastern margin of this 
gabbro mass. 

The Venezuelan deposit, on the Paraguana Peninsula, is reported to occur 
in layered peridotitic rocks in which layers of gabbro are present. The sample 
analyzed has the composition Cr, ,Al,,(Mg;.) and falls near the center of 
the Cuban field in the composition diagram (Fig. 3 B). 

The Caribbean chromites as a group range from aluminian chromite’ to 
chromian spinel in which the ratio of MgO to FeO is about 70: 30, and the 
Cr,O,: Al,O, ratio ranges from 79:16 to 25:74. They would therefore 
appear to have been in equilibrium with a system rich in forsterite and anor- 
thite, and containing an excess of Al,O, over CaO. The occurrence of 
economic deposits of high-alumina chromite in troctolite and common inter- 
gradation of dunite and troctolite would seem to bear out this hypothesis. 
The occurrence of layers of fine-grained euhedral chromite along the con- 
tacts between troctolitic or anorthositic sheets and dunite is of particular 
interest, and is to be investigated further. 

The eastern Oregon chromites are similar in many ways to the Caribbean 
but show distinct differences. They are all associated with dunite in perido- 
tite which grades into gabbroic rocks, and the larger deposits are relatively 
near the gabbro. The largest deposit, at the Chambers mine, is also one of 
the more aluminous, lies within three-quarters of a mile of the gabbro, and 
is cut by pegmatitic gabbro dikes. The variation trend from the high- 
alumina members (Cr,,Al.,(Mg,,)) to the high-chromium (Cr,,Al,;(Mg;.) ) 
shows a marked increase in ferrous iron, which causes the eastern Oregon 
field to cross the Kenai and Stillwater fields. The divergence from the 
Caribbean field is believed to be related to another major petrologic difference 
from the Caribbean, namely graduation from dunite to gabbro through py- 
roxenite rather than through troctolite and olivine-rich gabbro. Abundance 
of pyroxenite in eastern Oregon and almost complete absence of it in Cuba 
suggest differences in the ratios of SiO,, CaO, and Al,O, in the magmas 
which should be reflected in the composition of the chromites. 

Chromites of the Stillwater and Bushveld Complexes —The Stillwater 
and Bushveld complexes are layered stratiform noritic masses in the lower 
parts of which differentiation produced layers ranging in composition from 
olivine-rich bronzitic harzburgite or saxonite to bronzitite. The chromite in 
the Stillwater complex is associated with feldspar-bearing poikilitic harz- 
burgite or saxonite and in many places overlies discontinuous layers of peg- 
matitic feldspathic harzburgite. The chromite in the Stillwater complex 
ranges in texture from massive in high-grade layers to euhedral crystals 
arranged in chains in the layers containing a larger proportion of silicates. 
The Bushveld ores are similar in texture, but occur in bronzitite with a small 
amount of interstitial plagioclase. The environments in which the chromite 
in both complexes apparently formed were in the silica range well above that 
of dunite or troctolite, and the MgO: FeO ratios in the silicates appear to be 
somewhat lower than in the Cuban peridotite. The restriction of chromite 


9. Stevens, R. E., op. cit., p. 32. 
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layers to a single rock type in a relatively small part of the ultramafic zone in 
each complex would limit the range in composition of the chromite. The 
general association of rhombic rather than monoclinic pyroxene with the 
chromite and the small amount of feldspar indicate deficiency of lime in the 
environment with which the chromite was in equilibruim. 

Van Der Walt analyzed about 50 samples from 16 chromite layers in the 
3ushveld complex, and presents a fairly good picture of the variation in the 
composition of the chromite. Unfortunately, TiO, was not determined in 
many of the analyses, and in recalculating them to a 1:1 ratio for comparison 
with the Stillwater analyses one-tenth of the total alumina was arbitrarily de- 
ducted as titania. In the analyses of the Stillwater chromites TiO, and 
Al,O, were determined separately, and Fe,O, was determined in several 
samples. The composition of the chromites from the bronzitite in the Bush- 
veld, omitting 2 samples apparently containing ilmenite, and from the harz- 
burgite in the Stillwater complex is compared in the following table with two 
samples from gabbroic facies of the Bushveld complex. 


TABLE 3. 


COMPARISON OF COMPOSITION OF CHROMITES FROM THE 
STILLWATER AND BUSHVELD COMPLEXES. 


‘ = = 


Normative Constituents (in mol per cent) 


| (Mg, Fe)Cr2Ou | (Mg, Fe) AlO; | FeFe0; | Mg 
Stillwater, average...... vA 60 | 32 | 8 52 
Bushveld, average.......... | 58 34 8 | Aq 
Stillwater, range. ...000. 00: 52-69 } 26-39 | 5-10 45-61 
Bushveld, range.......... | 55-62 | 30-39 | 4-12 35-48 
Bushveld, Merensky reef... .| 51 | 31 17 43 
Bushveld, disseminated chro- | | 
mite in anorthositic gabbro | 57 25 17 | 12 


| | 


Bushveld analyses recalculated from data by Van der Walt. 


The chromites in bronzitite and harzburgite appear to be remarkably 
similar, except for a higher content of MgO in the Stillwater suite. The 
low MgO content in chromites from both complexes as compared with de- 
posits of the California type is to be expected, because of the bronzitic char- 
acter of the associated pyroxene. The chromites from the gabbroic facies of 
the Bushveld, including the Merensky reef, show significant deviations from 
the average, the greatest being a two-fold increase in normative magnetite. 

Chromites from the Kenai Peninsula, Alaska—The chromite deposits of 
the Kenai Peninsula are in a layered elliptical ultramafic mass that cuts 
through the country rocks like a stock."° The chromite is associated with 
layers of dunite, which occur through a wide “stratigraphic” range and are 
interlayered with diallage-rich rocks. The two samples lowest in Cr,O, were 
taken from inclusions in hornblendic dikes in which normal chromite appears 


10 Guild, Philip W., Chromite deposits of Kenai Peninsula, Alaska. U. S. Geol. Survey 
Bull. 931-G, 144-156, 1942. 
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to have been picked up and reconstituted. The dikes seem to have been rich 
in ferric iron and Al,O,, because the Al,O, was nearly doubled and the 
normative magnetite was doubled or tripled in the chromite inclusions. 

The similarity of the Kenai to the Stillwater field in the composition 
diagram suggests a closer petrologic tie to the stratiform complexes than 
the stocklike form of the intrusive mass might imply. The Kenai system, 
like the Stillwater and eastern Oregon systems, apparently would grade into 
gabbroic rocks through pyroxenic facies instead of the troctolitic facies so 
common in Cuba, and the chromites show a trend from aluminian chromite 
to magnetite more than to chromian spinel. 

Chromites of the Pacific Coast Province——The analyses indicated from 
the Pacific Coast province are of samples gathered in various localities from 
the Twin Sisters Mountains in northwestern Washington to the San Luis 
Obispo district in the southern Coast Ranges of California. The chromite 
deposits are associated with dunite in many saxonitic peridotite masses which 
vary greatly in size and form, and probably are not all of the same age. 
The peridotites of the Sierra Nevada are believed to be somewhat older than 
those in the Coast Ranges, and those in the Klamath Mountains may be of 
two slightly different ages. If the three extreme analyses be disregarded as 
atypical, the other 17 analyses fall in the rather limited range Cr, ;,Al,, 45- 
(Mg;«-70) ; the fractional ranges in MgO and Cr,O, are almost equal, being 
about 20 per cent of the maximum in each instance. There are, however, 
apparently well-founded reports, which merit investigation, of small deposits 
of aluminous chromite in both the Sierra Nevada and Coast Ranges. The 
consistent variation of the Pacific Coast chromites merely emphasizes the 
homogeneity of that petrologic province, which has long been recognized. 


CONCLUSIONS, 


Chromites form an isomorphous series expressed by the formula (Mg,Fe)- 
(Cr,Al,Fe),O, and are closely related chemically to the silicate systems in 
which they occur. Although the ratio of MgO: FeO in the associated silicates 
is much higher than in the chromite, the ratios vary in the same direction in 
the provinces studied. The proportions of Cr,O,, Al,O, and Fe,O, in the 
chromite appear to be determined by the relative proportions of total Cr.O, 
and Fe,O, in the magma, and by the excess of Al,O, over CaO and Na,O, with 
which alumina may be combined in anorthite. The silica content of the 
magma theoretically should have slight effect on the composition of the 
chromite in environments deficient in lime, and even in lime-rich environ- 
ments the composition of the chromite might not be affected by a wide range 
in silica content. 


Correlation of the composition of chromites with the associated rocks 
shows that high-alumina chromites occur in peridotitic masses which contain 
feldspathic members, and high-chrome chromites occur in feldspar-free perido- 
tites low in alumina and iron. The high-iron chromites of the Bushveld type 
apparently resulted from crystallization in pyroxenic environments deficient 
in alumina and relatively rich in iron. 
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The chromites studied seem to fall into overlapping but distinct com- 
positional groups when plotted in the spinel triangular prism of composition 
according to the petrologic provinces from which they were collected. 

The chromites from the Caribbean province are consistently rich .in 
magnesia, and cover about half of the range between aluminian chromite and 
chromian spinel. The Bushveld and Stillwater chromites are very much 
alike ; they are relatively rich in iron and though restricted to a narrow range 
in composition, appear to trend more toward chromian magnetite than spinel. 
Chromites of the Pacific Coast province appear to be uniformly rather high 
in chromium, and the principal variation is in the ratio of MgO to FeO, caus- 
ing the long axis of the corresponding field in the prism of composition to lie 
normal to that of the Caribbean field. Chromites. from the Kenai Peninsula 
resemble those from the Stillwater complex in many respects, and those from 
eastern Oregon show affinities for both the Pacific Coast and Caribbean 
provinces. 

U. S. GEOLOGICAL SURVEY, 

WasHIncTon, D. C.,, 
Feb. 21, 1946. 











GENESIS OF GROUND WATERS IN THE COASTAL PLAIN 


OF VIRGINIA.* 
D. J. CEDERSTROM. 


ABSTRACT. 


The Coastal Plain province of Virginia consists of unconsolidated 
sediments of Cretaceous, Eocene, Miocene and Pleistocene age which dip 
gently seaward and thicken to more than 2,200 feet in the eastern part of 
the area. Lower Cretaceous sands are the most prominent water bearers 
south of James River but north of James River most deep wells end in 
Eocene strata. 

In the western part of the province, along the Fall Zone, water from 
deep wells is soft and has a low total mineralization. Eastward the water 
gains in mineral content and becomes a hard calcium-bicarbonate water. 
Still farther to the east it is softened by base exchange and is a soft 
sodium-bicarbonate water. In the vicinity of Chesapeake Bay this water 
is somewhat brackish and in places contains more than 1,000 parts per 
million of chloride. 

Soft water from the Fall Zone belt contains free carbon dioxide which 
dissolves calcium carbonate from the sediments as it moves eastward to 
form the hard calcium-bicarbonate water of the adjacent belt on the east. 
When the free carbon dioxide found in the Fall Zone water is consumed, 
gain in bicarbonate does not cease, and further accretions of bicarbonate 
are accounted for by chemical or biochemical breakdown of sulphate with 
liberation of carbon dioxide that subsequently forms bicarbonate. 

South of James River soft sodium-bicarbonate water from the Lower 
Cretaceous sediments commonly contains from 4 to 6 parts per million of 
fluoride. North of James River thé Eocene sediments characteristically 
yield water containing from 1 to 3 parts of fluoride. 

The high chloride in the eastern part of the area is considered to be 
due to incomplete flushing of the sea water with which the sediments were 
once saturated. These slightly brackish waters have a somewhat lower 
hardness and a higher Ca/Mg ratio than would be expected of mixtures of 
sea water and soft sodium-bicarbonate water. It is thought that base 
exchange within the system occurs as sea water in the sediments becomes 
freshened; where saturated with sea water clays will adsorb mostly mag- 
nesium and sodium whereas when in contact with dilute solutions calcium 
and magnesium will be deposited and sodium liberated. 


INTRODUCTION, 


THE present paper is based upon localized and systematic studies made 
the writer as part of the cooperative investigations of ground-water resources 
of Virginia undertaken by the Geological Survey, Virginia Conservation Com- 
mission and the U. S. Geologic: al Survey (1 -4), The program is under the 
direction of Dr. Arthur Bevan, State oni and O. EE. Meinzer, Geologist 
in Charge, Division of Ground Water, of the Federal Geological Survey. 


* Published with permission of the Director, Geological Survey, U. S. Dept. of 


Interior, and the State Geologist, Geological Survey, Virginia Conservation Commission. 
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Some of the chemical analyses upon which this report is based were made 
as part of earlier investigations (5-8). In 1918 an investigation of the geol- 
ogy and ground-water resources of the counties bordering Chesapeake Bay 
on the west and south was made by Willis T. Lee, R. D. Mesler, W. C. 
Mansfield, and A. G. Maddren, all of the U. S. Geological Survey. The 
results of that investigation are not published but analyses of water samples 
(7) which were collected have been most valuable. 

Thanks are due C. S. Ross of the Geological Survey, E. S. Shepherd of 
the Geophysical Laboratory of the Carnegie Institute, and Dr. J. H. Yoe of 
the University of Virginia and Chemist for the Virginia Geological Survey 
for helpful criticism and suggestions. 


OUTLINE OF GEOLOGY. 

The Coastal Plain province of Virginia is underlain’ by unconsolidated 
clays, sands and marls that dip gently seaward (Fig. 2). Westward these 
sediments thin to a feather edge along the Fall Zone which extends approxi- 
mately north-south in Virginia and passes through Emporia, Petersburg, 
Richmond, Fredericksburg and Washington, D. C. (9). Along the Fall 
Zone, the frayed western margin of the blanket of Coastal Plain sediments, 
the granitic rock basement is close to or at the surface but east of the Fall 
Zone basement rock lies at progressively greater depths and the unconsoli- 
dated sediments thicken to more than 2,200 feet, as at Norfolk and Mathews 
Court House. The sediments of the Coastal Plain extend eastward from the 
shore of the Atlantic Ocean to the edge of the continental shelf where they 
are known to be about 12,000 feet thick (10). 

Alternating sands, clays and sandy clay of the Potomac group (Lower 
Cretaceous) rest upon the granitic bedrock. This group of sediments is 
non-marine in origin. The sands included in the group are prolific water 
hearers. Above the Potomac group of sediments, alternating marine sands 
and clays of late Cretaceous age are present. These sediments are thin and 
do not extend as far west as the Fall Zone. They appear to be poor water 
hearers. 

The Eocene formations are marine and consist largely of glauconite sands 
(referred to as “black sands” by the driller), glauconitic quartz sands, glau- 
conite marls and marls. Thin consolidated limy strata are common and in 
some places quartz sands or bright mottled clayey strata are present. In the 
area north of James River the glauconite and quartz sands of the Pamunkey 
group thicken and extend to greater depths than in the area to the south (3) 
and are commonly developed as a source of ground water. South of the 
James deep wells almost everywhere penetrate the underlying Potomac group 
of sediments. 

Overlying the Pamunkey group of sediments is the Chesapeake group of 
Miocene age consisting of marine marls and subordinate sandy formations 
whose basal Calvert (?) formation is commonly water-bearing in several 
counties. Water from the Calvert (?) is similar to water from underlying 
Pamunkey group. of sediments and in a few places may be included with 
water from the Pamunkey group. 
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Fic. 1. Map of eastern Virginia showing geographic distribution of the major 
types of artesian water. 
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The entire Coastal Plain province is veneered by terrace sands and clays 
of the Columbia group of Pleistocene age (11). 

As shown in Fig. 2, the Coastal Plain sediments dip seaward at a slope ent Tag 
of about 10 feet per mile. 







CHEMICAL CHARACTER OF ARTESIAN WATERS. 


dun 10 194 
MANHATTAN 


For the purpose of this paper the Virginia Coastal Plain province is 
vided into several belts as follows: the Fall Zone belt, the adjacent bel 
hard bicarbonate waters, the central belt of soft bicarbonate waters and t 
eastern belt of high-chloride waters (Fig. 1). ~ Kanne 

Along the Fall Zone water from sediments of the Potomac group is gen- 
erally soft and has a low total mineralization; as the water moves eastward 
it gains in mineral content, mostly as calcium bicarbonate, and becomes hard, 
but still farther to the east it is softened by base exchange and becomes a soft 
sodium-bicarbonate water. In the vicinity of Chesapeake Bay the sodium- 
bicarbonate water is somewhat brackish and in places it contains more than 
100 parts per million of chloride. The brackish water with which the Coastal 
Plain formations are partly saturated probably entered the formations subse- 
quent to their deposition and is not strictly connate water. It might be more 
aptly termed “pseudo-connate”’ water. 

As noted above, north of James River artesian water is developed in 
Eocene or basal Miocene strata but south of James River, artesian wells 
almost everywhere reach beds of the Potomac group. However, waters from 
the two groups of formations are essentially similar in character and distinc- 
tion will not generally be made between them. 


f 





FALL ZONE BELT. 


Only relatively few wells obtain water from Coastal Plain sands along 
the Fall Zone; the water yielded is low in total mineral content, and about 
100 parts per million total dissolved solids might be considered the average 
(Table A, 3, 8,9). In places the water contains objectionable amounts of 
iron (analyses 8, 9) and is corrosive due to dissolved free carbon dioxide. 
The fluoride content of water from sands of the Potomac group along the 
Fall Zone is everywhere less than 1 part per million. 

Analyses of several samples of water from wells which penetrate granitic 
rock along the Fall Zone show a rather wide range of mineralization, from 
232 parts per million total dissolved solids (6, Table A) to 857 parts (2, 
Table A). Most of the waters from granitic rock are hard and the hardness 
may be present either as sulphate hardness or bicarbonate hardness. In some 
places iron is present in troublesome quantities. Some waters derived from 
granitic rock have a high fluoride content, 7.7 and 3.4 parts per million 
(analyses 2 and 5). 


The Area of Nard Bicarbonate Water. 


Immediately east of the Fall Zone wells penetrating artesian strata yield 
a hard bicarbonate water (Fig. 1). The belt has a maximum width of 25 
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miles south of James River but north of Fredericksburg the hard water belt 
seemingly narrows to a vanishing point. 

Hardness—The waters have different amounts of hardness, generally as 
calcium and magnesium bicarbonate; the total hardness was found to be less 
than 190 parts per million (5, 9, 12, Table B) with one exception; one sam- 
ple from King George County (analysis 3) had 270 parts of total hardness. 
In this sample noncarbonate hardness is present. 
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Fic. 2A. Graph showing increase in mineral content of artesian waters from Moss 


Neck, Caroline Co., to Reedville, Northumberland County. 


Sulphate is generally less than 16 parts per million. In analysis 3, how- 
ever, sulphate is 85 parts per million. 

Rain falling to the earth and percolating through the soil cover into the 
zone of saturation along the Fall Zone takes a variable amount of free carbon 
dioxide into solution. This reacts with limy material and the hardness in- 


creases until the free carbon dioxide is consumed. When the amount of free 
carbon dioxide which is found in several samples along or east of the Fall 
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Zone is converted to bicarbonate hardness and is added to the hardness al- 
ready present, it is seen that from 150 to 223 parts per million of total hard- 
ness may originate by this means. This calculated maximum hardness ap- 
proximates the maximum found in the belt of hard waters (Figs. 2A-2D 
and Table B). 
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Fic. 2B. Graph showing increase in mineral content of arterian waters from 
Hanover, Hanover Co., to Windmill Point, Lancaster Co. 


Free carbon dioxide is fairly high in the western part of the hard water 
belt (1, 2, 4, 10, Table B) but in the eastern portion of the belt it may be 
less than two parts (3, 5, 6, 8, Table B). 

Base Exchange——At a variable distance from the Fall Zone the hard 
waters are softened by base exchange; hence beyond a certain point the hard 
waters decrease in calcium and magnesium and gain in sodium. No other 
essential change in chemical content occurs. 
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In moving down dip from the Fall Zone, artesian waters tend to gain in 
calcium bicarbonate until all the free carbon dioxide is exhausted. How- 
ever, base exchange begins to be effective immediately east of the Fall Zone 


Fic. 2C. 
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and even though gaining greatly in calcium, water of this type (Table B) 
generally contains a little sodium bicarbonate, about 20 or 30 parts per million. 
It does not contain more because the sediments are almost completely loaded 
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with exchangeable calcium as far east as free carbon dioxide persists in the 
waters. 

It may be expected that in this artesian system the western front of the 
sodium clay area will retreat eastward of these points at which free carbon 













































































WEST EAST 
Story 
1200 Creek Sussex Waverly Wakefield omihiied Orivers 1 Norfolk 
| 
1000 = ee } 
8001 2h aes | | EES | 
| Bree 
ra | | | 
SO 600 ! oma ee 
a 
~ | 
= | 
400 | 
x | 
ui | 
oO 
300 
on) 
b= 
ita 
at 200 
a 
100 
50 
J ms xs 
Gd 
> 
is) 
a 
= S 
° 00-4 [E)glouconitic mar! 
@ [Jauarte sand 
b 504 
hr} ice [granite 
tn cf 
Fic. 2D. Graph showing increase in mineral content of artesian waters from 


Stony Creek, Sussex Co., to Norfolk, Norfolk Co. 


dioxide is entirely consumed and there should be a zone of equivalent ex- 
change of calcium for sodium and no gain in bicarbonate. This has already 
occurred and is clearly shown on the graphs (Figs. 2A-3D). In 8 places 
where samples are available across the eastern portion of the hard water belt 
this relationship is found to be true. 

In the area of no gain in bicarbonate referred to above there is apparently 
a loss of bicarbonate in an eastward direction in some places (Figs. 2A, B 
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Fic. 3. Map showing distribution of total hardness in artesian waters 
in eastern Virginia, 
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and D). This apparent loss is considered to be due to sampling across in- 
stead of along the hnes of flow of ground water. Slight gains in bicarbonate 
immediately after the sharp initial gain (Fig. 2C) are similarly explained and 
small discrepancies may in fewer instances be attributed to the impossibility 
of everywhere sampling from the same h : -izon. 


Zone of Soft Bicarbonate Waters. 


East of the belt of hard water the water obtained from artesian strata is 
a soft sodium-bicarbonate water. As such, the zone extends to the sea but 
in the Chesapeake Bay area water of this type contains an admixture of con- 
nate water and is discussed separately. The zone of low-chloride sodium- 
bicarbonate water is shown in Fig. 1. 

Bicarbonate Content——The bicarbonate content of water in the sodium- 
bicarbonate zone increases progressively eastward as shown in Figs. 2A-2D. 
It ranges from about 175 to 250 parts per million on the western boundary 
of the zone and increases to from 400 to 800 parts per million in the eastern 
portion of the zone. 

In 14 widely separated localities where comparative data are available it 
was found that the water from deeper wells contains less bicarbonate (and 
hence less total mineralization) than that from shallower wells. Jt does not 
seem to make much difference whether or not formational boundaries are 
crossed in the artesian system. 

In three other places, where both deep and shallow wells tapping Potomac 
strata were sampled, decrease with depth was negligible and in one place, 
where only test well samples which might not have been truly representative 
were available, there was a slight increase of bicarbonate content with depth. 

To characterize the extent of differences, the decrease in mineral content 
with increase in depth may be from 100 to 200 parts per million of bicar- 
honate where two different groups of formations are sampled (13-14, 19-20, 
Table C) but where two waters from different depths in the same formation 
are compared, the difference in bicarbonate content is generally not more 
than 50 parts per million (18-19, 8-10, Table C). 

Fluoride —Fluoride is a constituent of much importance in the sodium- 
bicarbonate waters since it commonly occurs in toxic amounts, more than 1 
part per million (12), and in places the fluoride content is more than 4 parts 
per million, the concentration considered to bring about 100 per cent incidence 
of mottled enamel of teeth of children up to 10 years of age who habitually 
drink these waters. Conversely, small amounts of fluoride are of importance 
since it has been shown (13) that concentrations of not more than 1 part per 
million tend to inhibit dental decay. 

It has been shown above that little or no fluoride is present in waters of 
the hard-water belt but east of the hard-water belt boundary fluoride appears 
commonly in concentrations greater than 1 part per million (Fig. 4). -South 
of James River fluoride increases to 4 to 5 parts immediately east of the hard- 
water belt at Courtland (21, Table C), but along James River the increase is 
more gradual. Although high at the western border of the soft bicarbonate- 
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Fic. 4. Map showing distribution of fluoride in artesian waters in eastern Virgima. 








water | 
southe 
more ( 
Virgini 
well at 
In 
zone ol 
the fluc 
Fre 
James 
from 3 
wells g 
to 7.5 | 
By 
from a 
The in 
the sai 
Otl 
almost 
than 1( 
may c 
In the 
gTessiv 
bonate 
depth. 
3 or 4 
( Table 
Alc 
and at 
sands ¢ 
ing de 
at Ree 
of the 
high-cl 
quartz 
conitic 
So; 
and w: 
been 1 
amoun 
inum { 
lattice. 
crystal 
bases 1 
or soc 
presen 
out the 











lia. 





GENESIS OF GROUND WATER. 233 


water belt south of James River, the fluoride content increases eastward; in 
southern Nansemond County several wells yield water containing 6 parts or 
more (16, 17, Table C) and the maximum amount of fluoride found in any 
Virginia Coastal Plain water, 7.5 parts per million, was in water from a 
well at Suffolk. ; 

In the York-James Peninsula the maximum fluoride found outside the 
zone of high chloride water was 4.4 parts, at Jamestown. In Northern Neck 
the fluoride is rarely more than 3 parts per million (8, 9, 10, Table C). 

From a regional point of view, it may be noted that in the area north of 
James River, where wells obtain water from Eocene beds, the fluoride ranges 
from 3 to 4.5 parts per million, but in the area south of James River, where 
wells generally penetrate Lower Cretaceous beds the fluoride ranges from 4 
to 7.5 parts per million. 

sy and large, fluoride content increases with depth although analyses 
from a few places (13-14, Table C) indicate that this rule is not invariable. 
The increase takes place whether or not the two samples compared are from 
the same or from different geological formations. 

Other Constituents——The chloride content in the soft-bicarbonate zone is 
almost everywhere less than 20 parts per million and in many places it is less 
than 10 parts per million. Near the border of the high-chloride zone samples 
may commonly contain from 20 to 40 parts per million (8, 16, Table C). 
In the zone of low-chloride sodium-bicarbonate waters there is not the pro- 
gressive eastward increase in chloride which is characteristic of the bicar- 
bonate and fluoride; neither is there a marked change in chloride content with 
depth. In this zone the chloride in water from deeper wells is generally only 
3 or 4 parts greater than in water from wells drawing upon shallower sands 
(Table C, 5-6, 18-19-20) or may rarely decrease with depth (13-14). 

Along James River in southeastern Charles City County at Jamestown, 
and at Hog Island in Surry County water from wells penetrating Eocene 
sands contain considerably more chloride than water from deeper wells reach- 
ing deeper Eocene or Cretaceous strata. A similar relationship is indicated 
at Reedville, Northumberland County. These places are near the boundary 
of the high chloride zone. Apparently the flushing action which removed the 
high-chloride waters almost completely from the deeper highly permeable 
quartz sands was not as fully effective in the shallower, less permeable, glau- 
conitic strata of Eocene age. 

Softening by Base Exchange.—Base exchange is a well-recognized process 
and will not be discussed here as such. The mechanism of the process has 
been recently re-stated as follows (14): “The substitution of even small 
amounts of bivalent magnesium for trivalent aluminum, and of trivalent alum- 
inum for tetravalent silicon, results in a valency deficiency within the crystal 
lattice. This deficiency is compensated by ions that are held between the 
crystal sheets and are the so-called exchangeable bases.” The replaceable 
bases may be of a wide variety, or hydrogen may take their place, but calcium 
or sodium are in general dominant. Magnesium and potassium are also 
present but tend to be non-exchangeable. Schachtschabel (15) has pointed 
out that there is a strong tendency for bivalent bases to be adsorbed in prefer- 
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ence to univalent ones. This means that calcium will tend to be removed 
from ground waters and sodium will take its place in the solution. 

Glauconite, the active ingredient in one type of widely-used water softener, 
is present in abundance in the Eocene strata in eastern Virginia and the im- 
mediate thought might be that this mineral is of primary importance in soften- 
ing waters which move eastward down dip from the hard water belt. How- 
ever, glauconite is not present in formations of the Potomac group and water 
occurring hundreds of feet below the top of this group, which presumably has 
had little or no contact with glauconite beds, is softened as completely as 
water occurring near the top of the Potomac group. Hence it seems evident 
that material other than the glauconite, undoubtedly clayey minerals (14, 16), 
is functioning as a base exchange agent. It is not implied, however, that 
glauconite is not an effective softening agent in those places where ground 
waters do come in contact with it. 

Sulphate is low in the zone of soft-bicarbonate waters; in most places it is 
not more than 15 or 20 parts per million (Figs. 2A-2D). It may be noted 
that the sulphate is only slightly higher than is generally found along the 
Fall Zone and is lower than the amount present in a few samples taken along 
or near the Fall Zone which are somewhat more highly mineralized than 
average. 


ORIGIN OF THE BICARBONATES. 


It has been shown that waters near the Fall Zone contain free carbon 
dioxide and that as they travel eastward down dip the waters increase in 
calcium bicarbonate content due to the reaction of the free carbon dioxide with 
calcareous material. A maximum of about 250 parts per million of bicar- 
honate apparently may be accounted for thereby. At no very great distance 
from the Fall Zone the carbon dioxide is entirely converted to bicarbonate and 
presumably further solution of calcium carbonate cannot take place, and in 
fact, the graph of the bicarbonate content indicates an area of no increase 
east of the area where a large initial increase occurs. Upon reaching the soft 
water zone, however, the waters again begin to gain in bicarbonate; the con- 
tinued gain in bicarbonate being a progressive addition as sodium bicarbonate. 

Although the free carbon dioxide found in waters along the Fall Zone is 
converted to bicarbonate within a relatively short distance down dip, it has 
also been found that small amounts of free carbon dioxide, 1.4 to 5.0 parts per 
million, are present in water from the sediments of Cretaceous age a long 
distance down dip, far beyond the point where they should be entirely con- 
sumed in reaction with calcium carbonate (13, 14, 16, 19, Table C and 13, 
15, Table D). This carbon dioxide reacts with limy material to produce 
calcium bicarbonate, which in turn is immediately converted to sodium bicar- 
bonate by base exchange. Continuous generation of small amounts of carbon 
dioxide thus contributes bicarbonate to the water migrating down dip, and 
raises the concentration of that radical far beyond the concentration of 250 
parts per million otherwise accounted for. 

Rogers, in describing certain oil field waters (17), pointed out that carbon 
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dioxide (and hydrogen sulphide) is liberated from the reduction of sulphate 
by hydrocarbons : 


“.. . As sulphate is abundant in the shallower waters everywhere on the west 
side of the San Joaquin Valley, whereas sulphide is found only near the hydro- 
carbons, it is reasonable to suppose that the sulphide has been derived under special 
conditions through reduction of the sulphate . it is generally supposed that the 
absence of sulphate (in oil field waters) is due to the reducing action of hydro- 
carbons, the sulphate being reduced to sulphide, which passes off as hydrogen 
sulphide, and an equivalent portion of the oil or gas being oxidized to carbon 
dioxide or carbonate. It should be recognized, however, that the reaction . . 
involving methane, is improbable. Methane . . . is the most inert member of the 
paraffin series. . . . Certain series, poorer in hydrogen . . . are much less stable 
and probably react more readily with sulphates. In fact, it is quite possible that 
certain constituents of the oil other than simple hydrocarbons are most active in the 
reduction of the sulphate solutions.” 


Experimental data showing that the series of chemical reactions described 
can take place have been offered by Cadman and Thiel (18, 19). 

Renick (20) has applied this hypothesis of sulphate reduction by carbo- 
naceous material in explanation of certain high bicarbonate waters low in 
sulphate in Montana. 

Rogers (21) and also Plauchud (22) note that in some waters bacterial 
action may be of very great importance in the reduction of sulphate. This 
process has been emphasized by Bastin (23). Thiel’s (24) experiments 
showed that it is evident that natural unsterilized carbonaceous sediments 
with their normal bacterial flora are more potent agents in the reduction of 
meteoric sulphate solutions than the same sediments after biochemical reac- 
tions have been suppressed. 

Waksman (25) points out that in the presence of cellulose as a source 
of energy and sulphate as a source of oxygen, methane, acetic and butyric 
acids are produced from the former and H,S from the latter and that carbon 
dioxide is liberated as this reaction occurs. 

In view of the evidence at hand relating to the generation of carbon 
dioxide by the reaction of sulphate with either organic or inorganic carbo- 
naceous material there seems to be no good reason to believe that this process 
cannot account for the progressive increase in bicarbonate content of artesian 
waters east of the western boundary of the soft bicarbonate zone (26). As 
shown above, low sulphate is characteristic of the high bicarbonate waters 
(where not contaminated by marine waters) and hydrogen sulfide is reported 
at many places. Practically no evidence is at hand to confirm or disprove 
the presence of dissolved gaseous hydrocarbons in Virginia Coastal Plain 
waters from deep formations. 

No suggestion is offered as to why the generation of free carbon dioxide 
is apparently at a minimum in the hard-water belt west of the zone of soft 
water. The fact that in the hard-water belt that there is an interval of little 
or no gain in bicarbonate after the initial sharp gain seems to indicate that the 
generation of free carbon dioxide there is negligible. 

Murray and Irvine (27) in 1895 found that waters drained from blue muds 
on the ocean bottom were lower in sulphate and higher in bicarbonate than 
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normal sea water apparently due to “the deoxidation of sulphates by organic 
matter in the muds and the subsequent decomposition of the alkali of alkaline 
earth sulphides by the carbonic acid thus produced.” In a recent discussion 
of salty ground waters along the Atlantic and Gulf Coast Foster (28) refers 
to this and stated that “in sediments containing organic matter, like many 
sediments in the Coastal Plain, connate waters may be characterized from the 
time of the burial by a lower sulphate and a higher bicarbonate content than 
normal sea water” and the “admixture of such connate waters with fresh 
ground waters would result in salty waters having a lower sulphate content 
than would result from a mixture of normal sea water and ground water.” 

This undoubtedly could be true but it does not explain why low sulphates 
and high bicarbonates are characteristic also of the low-chloride sodium-bicar- 
bonate water zone to the east in which the ground water is not contaminated 
by marine waters. 


HIGH CHLORIDE BELT. 


East of the belt of soft sodium-bicarbonate water, ground water is also of 
the sodium-bicarbonate type but contains more than 40 parts per million of 
chloride, resulting from contamination of large amounts of meteoric water by 
small amounts of marine water. The boundary of this belt is shown in Fig. 1. 

The belt of high-chloride water has been described in detail in a recent 
paper (2) by the writer and hence the factual data will be summarized only 
briefly here. 

South of James River the water-bearing beds are largely of lower Cre- 
taceous age but north of James River in the York-James Peninsula where the 
Eocene sections thickens from less than 100 to a maximum of 800 feet (3) 
the Eocene strata extend to a much greater depth below sea level; wells com- 
parable in depth to those south of James River therefore tap Eocene sands. 
The geology suggests that in the lower York-James Peninsula Eocene forma- 
tions as a whole are less permeable than the Lower Cretaceous sands and 
hence have been flushed less of their marine water content. However, the 
Eocene formations apparently do not thin markedly north of York-James 
Peninsula nor does the base of these formations appear to rise northward, 
and no explanation for the absence of high-chloride water in the northern part 
of the Coastal Plain is apparent at present. 

Along the inner border of the belt of high-chloride waters the chloride is 
lowest but the chloride content rises with distance eastward from the Fall 
Zone and it also becomes higher towards the center of the wedge-shaped high- 
chloride area at equal distances from the Fall Zone. 

Along the border of the high-chloride belt the chloride content is com- 
monly less than 250 parts per million, the maximum amount generally re- 
garded as desirable for public supplies, and the water is used successfully for 
municipal supplies, as at Williamsburg and Gloucester. 

Away from the borders of the belt the chloride content increases and in 
several wells the water obtained ranges from 1,000 to 2,000 parts per million. 
At Old Point Comfort water containing 4,500 parts per million has been 
reported. 
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At every place where comparative data are available, it has been found 
that deeper strata have a higher chloride content than water from shallower 
wells at the same place. This is particularly marked along the border of the 
belt where wells that tap the uppermost artesian sands yield water containing 
as little as 10 or 20 parts per million of chloride and water from deeper 
horizons may contain 100 or more parts of chloride. 

Bicarbonate.—The bicarbonate content of most samples ranges from about 
400 to about 900 parts per million (2, 3, 8, Table D) and is therefore only 
slightly greater than the maximum found in soft low-chloride bicarbonate 
waters. The progressive increase in bicarbonate content is not maintained in 
the high chloride zone because of the increasing admixture of marine water 
which is characteristically low in bicarbonate. 

Sulphate —Sulphate is high in these waters in contrast to water in the 
belts to the west because of the admixture of marine water which is high in 
sulphate. The ratio of sulphate to chloride in sea water is about 1: 7.2; in 
the ground-water samples at hand, the ratio of sulphate to chloride may be 
greater or smaller. Ratios greater than 1:7.2 are characteristic in samples 
containing less than 400 parts of chloride (1, 4, 8, 9, 11, 14, Table D) and 
reflect the fact that those samples contain a large proportion of meteoric water 
in which the (low) sulphate may be equal to the (low) chloride. Ratios 
lower than 1:7.2 (2, 3, 6, 7, 10, Table D), characteristic of very high 
chloride waters (low sulphate relative to chloride) may be ascribed to the 
reduction of the sulphate by organic matter and production of CO.,, as 
described above. 

Hardness.—The hardness of the high chloride waters ranges from less 
than 10 parts to more than 200 parts per million. In general, those samples 
containing low chloride have a low hardness and those with a high chloride 
content have a high total hardness. 

A number of samples contain more magnesium than calcium, which would 
be expected where water of meteoric origin has been contaminated by sea- 
water. Most of the samples, however, contain somewhat more galcium than 
magnesium and have a lower total hardness than would be expected if the 
waters were a simple mixture of meteoric and marine waters. These anoma- 
lous features will be discussed in detail below. 

Fluoride —Fluoride in the high chloride belt is about the same as in the 
soft bicarbonate belt immediately to the west; apparently the progressive 
eastward increase in fluoride content is compensated for by dilution by the 
connate marine water. 





ORIGIN OF THE HIGH CHLORIDE WATERS. 


Sanford (6) in 1913 ascribed the high chloride content of waters in the 
eastern part of the Coastal Plain to an incomplete flushing of these strata 
since they were last saturated with sea water. The writer concurs in this 
belief. 

In a recent paper Foster (28) pointed out that none of the brackish waters 
of the Atlantic and Gulf Coastal areas (and some of those from the Virginia 








240 D. J. CEDERSTROM. 


Coastal Plain, in particular) appear to be a simple mixture of fresh meteoric 
and connate sea water such as might be obtained by mixing various small 
amounts of sea water of average composition with larger amounts of fresh 
water from the low-chloride sodium-bicarbonate zone. These differences be- 
tween theoretical admixture and corresponding naturally occurring high- 
chloride ground waters from eastern Virginia are shown in Fig. 5. In mix- 
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Fic. 5. Diagram showing composition of natural artesian waters from the 
Coastal Plain province in Virginia and theoretical mixtures of artesian waters with 
sea-water. 


tures 1b and 2b, Fig. 5, the calcium is low relative to the magnesium whereas 
in the corresponding natural waters of the same chloride content (from York- 
town and Capahosic) the calcium is high relative to magnesium. Yorktown 
water contains 30 parts of calcium and 20 parts of magnesium and Capahosic 
water contains 1.2 parts of calcium and 1.1 parts of magnesium. Further, 
the total hardness is deficient in both these natural waters. In the compari- 
sons made sulphate is generally less than might be expected in the natural 
water and bicarbonate is slightly greater. As Foster notes (28), admixture 
of even small amounts of sea water tends to reverse the normal high Ca/Mg 
ratio of meteoric water because sea water contains much more magnesium 
than calcium; about 1,300 parts of magnesium to 420 parts of calcium. 
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The present writer wishes to point out that although many high chloride 
waters have a lower hardness and a higher Ca/Mg ratio than might be ex- 
pected if they were simple mixtures of meteoric and connate waters, a few 
other high chloride waters show the low Ca/Mg ratio which should be more 
characteristic of meteoric water contaminated by a little sea water (Table D, 
Z,,0). 

When water from Gloucester Point, 3c, is compared to a mixture of water 
from West Point and a little sea water, 3b, it is seen that the water from 
Gloucester contains about the proportion of Ca/Mg that would be expected 
if it were a mixture of sea-water and ground water. Further, water from 
Achilles (4c, Fig. 5) contains about the proportions of constituents which 
would be expected from a mixture of water from Gloucester Point and sea 
water, 4b. However, although the proportion of magnesium to calcium is 
high, the actual amounts are lower than would be expected and in these 
theoretical mixtures the total hardness is again deficient. 

Study of available analyses reveals still another interesting relationship ; 
namely that near the border of the high chloride zone a number of fresh 
waters have the low Ca/Mg ratio characteristic of waters contaminated by 
sea-water (7, 17, Table C). 

According to the available analyses (which do not, however, necessarily 
furnish a complete picture of the situation) 15 samples of high chloride water 
have a Ca/Mg ratio of 2.1 or higher; 13 samples have a Ca/Mg ratio of from 
1.1 to 2.0 and 11 samples have a Ca/Mg ratio of 1.0 or less. In addition 12 
samples containing less than 40 parts per million of chloride have a Ca/Mg 
ratio of less than 1.0 (see Table E). . 

Of the 51 samples mentioned in the above paragraph, 25 were from wells 
in the York-James Peninsula, of which 22 are high chloride waters with a 
Ca/Mg ratio greater than 1.0; 10 of the 51 are from wells in Northern Neck 
Peninsula, of which 9 are low-chloride waters with a low Ca/Mg ratio. If 
the wells from which samples are available were more evenly distributed, the 
characterization given might be somewhat different. 

Foster has ascribed the low hardness and high Ca/Mg ratio characteristic 
of certain brackish waters to westward up-dip movement of ground water, as 
a result of which relatively hard waters containing high magnesium were 
softened and from which more magnesium than calcium was exchanged for 
sodium. Experimental data by Kelly and Liebig (29) are cited to support 
the thesis of preferential exchange of magnesium in waters containing both 
calcium and magnesium. 

It is granted that extremely diffuse salty waters would become softened if 
they moved westward although it does not necessarily follow that magnesium 
would be preferentially fixed by base exchange in these waters containing, 
not the 1,300 parts of magnesium and 420 parts of calcium typical of ocean 
watef, but about 25 parts of calcium and 50 parts of magnesium. In such a 
case it might be expected that the Ca/Mg ratio would not be affected greatly 
or the relative content of magnesium might even increase because normally 
calcium is preferentially fixed. Ross (14) states that “these ions differ 
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TABLE E. 


CALCIUM AND MAGNESIUM CONTENT OF GROUND WATERS IN OR NEAR THE 
HIGH-CHLORIDE ZONE IN VIRGINIA. 




















| cps | eon) ‘oa Ca/Mg 
Eastern Northumber- | | 
land and Lancaster | | | | 
Counties | | 
8 samples | | | 
Range | 8-40 | 1.9-3.9 | 1.1-2.3 1.4-—2.36 
Average 14 | 2.7 | 1.7 | 1.6 
Eastern Northumber- | 
land and Lancaster 
Counties | | 
8 samples | | | 
Range 4-12 | tr.-3.7 | 1.7-5.3 0-.9 
Average | 9 | 1.7 | 3.8 | 44 
York County ; 
4 samples | 
Range | 103-524 | 7.2-13.0 | 2.7-5.8 1.5-2.7 
Average | 338 | 9.2 | 4.2 | 2.2 
Capahosic | 51 | 2 | Ast 1.1 
Gloucester 345 4.6 1.9 2.6 
Gloucester Point 424 | 1.2 | 6.4 | 19 
Twin Pines—Norfolk 196 | 2 1.6 1.6 
Fort Eustis—Warwick 408 | 4.5 2.3 | 1.95 
Fort Eustis—Warwick 216 4.0 | 4.5 9 
Amburg-Essex 1820 | 9 20 45 
Mathews 156 17 20 | .85 
Achilles | 1445 9 | 22 | Al 
Roanes 1630 23 | 14 | 1.6 
Severn * 2500 46 | 26 1.8 





greatly in their relative ease of replacement, which is represented by the 
following series : ; 


Li>Na>H>K>Mg>Ca 


This relation indicates the reason for the preferential fixation of calcium in 
most monotmorillonite even in the presence of sodium.” Kelly and Liebig’s 
experiments, which show that clay in contact with sea water contains more 
exchangeable magnesium and sodium than calcium, seem to indicate simply 
that laws of mass actions are effective in base-exchange reactions, as in other 
chemical reactions, and a base-exchange medium can be selectively “loaded” 
with any of the ions where that ion is present in solution in excessively high 
concentrations, as magnesium in sea water. 

Regardless of the chemistry of the suggested mechanism of softening and 
lowering of the Ca/Mg content of certain high chloride waters, the fact has 
been ignored that we are not dealing with a body of sea water which can be 
moved up or down the dip at will by postulating variations in height of sea- 
level, we are dealing with a fresh water zone in which a very little connate 
water has been trapped. This water is part of the artesian system in which 
water is flowing eastward in response to reasonably simple and definite hydro- 
static laws. It is not apparent just how moderate movements of the distant 
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fresh-water salt-water contact in response to sea-level changes would cause 
the slightly brackish water west of Chesapeake Bay to move westward up the 
pressure slope. Westward movement of the artesian water in the York-James 
Peninsula would require that those waters be assimilated by salt water ad- 
vancing up-dip which in turn would require inundation of the greater part of 
the Coastal Plain. Hence it is believed that any explanation dependent upon 
westward movement of artesian waters must be rejected. 

It is the writer’s belief that variations in quality of Virginia Coastal Plain 
waters must be postulated upon eastward movement within the entire artesian 
water system. Suggestions are made here to explain the low hardness and 
high Ca/Mg ratio of some of the high chloride waters based on interpreta- 
tions of observed geology, known chemical laws, and on all the analyses at 
hand. Since experimental data are lacking to corroborate the thesis ad- 
vanced, the explanation must be regarded as tentative. 

Where salt water of approximately sea-water composition is in contact 
with the sediments, due to the concentrations of ions present, magnesium will 
be fixed in greatest amount, sodium a close second, and calcium a poor third, 
instead of in the usual order where less concentrated solutions are in contact 
with the sediments. We may use Kelly and Liebig’s figures, Na, 39.13; K, 
6.9; Mg, 48.35; Ca, 10.85; (milli-equivalents of replaceable base per 100 
grains of clay after treatment with sea water) as a starting: point. 

The clay in contact with the sea water becomes loaded with sodium and 
magnesium as shown, but, since we are dealing with a closed system prevent- 
ing additions of sea water, this loading cannot be maintained as dilution by 
meteoric waters occurs and the concentration of the mixture in contact with 
the clays decreases. 

As dilution of the mixture by meteoric water occurs the clays will not 
lose exchangeable ions but there will be a tendency for base exchange to 
occur within the system and the clays will tend to liberate sodium and (less) 
magnesium with which they are loaded and to deposit calcium, and (less) 
magnesium in accordance with the reaction series 


Li>Na>H>K> Mg > Ca. 


Since the meteoric water being progressively added to the high sodic sea 
water is also fairly high in sodium (up to 800 parts per million) and contains 
very little calcium and magnesium, the tendency toward complete readjust- 
ment in accordance with the reaction series is inhibited to some degree and 
the clays will tend to hold some sodium. As dilution progresses, it seems 
probable that some magnesium will be liberated with the sodium from the 
clays and will pass out of the system down dip. 

At the stage where the mix contains about 1,000 parts of chloride, the 
tendency for the clays to liberate sodium and fix calcium and magnesium 
becomes or has become very effective and with each successive dilution there 
is an increasingly stronger tendency to rearrangement of the ions in solution 
with fixation of calgium and magnesium and liberation of sodium, thereby 
lowering the total hardness expected of a theoretical mix, 
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At this point the calcium-magnesium ratio is believed to be affected by 
the local generation of CO, and subsequent formation of calcium bicarbonate, 
as sketched above, which is sufficient to reverse the normal calcium-magnesium 
ratio of the greatly diluted sea-water. As shown in Table B, hard bicarbonate 
water originating in Virginia Coastal Plain sediments are largely calcium 
bicarbonate water which contains only subordinate magnesium bicarbonate. 
To keep the original problem in proper perspective, it is pointed out that the 
partly connate waters, in which the Ca/Mg ratio is higher than would be 
expected if we were dealing with a simple mix, contains only minute amounts 
of these two ions; the combined calcium and magnesium ranges from 2.3 to 
17 parts per million in samples 3, 4, 5, 8, 9, 10 and 12, Table D. 

It may be noted that the natural waters contain more sodium bicarbonate 
and less sulphate than the mixtures with which they are compared (Fig. 6). 
This is ascribed to breakdown of sulphate, liberation of CO,, formation of 
calcium bicarbonate and, by base exchange, conversion to sodium bicarbonate. 
At the very low concentrations under consideration here, base exchange action 
may be sluggish and a high Ca/Mg ratio is built up, although the total 
amounts concerned are so low as to be almost negligible. However, the de- 
ficiency in total hardness remains to be explained by the means suggested 
above, namely, the exchange of sodium from the clays for calcium (and 
magnesium) from the “original mix.” 

The explanation offered above for the low total hardness and high Ca/Mg 
ratio of some waters containing from 200 to 500 parts of chloride is applicable 
in another way to the waters and sediments in the soft water zone. If equi- 
librium between the exchangeable bases in the sediments and waters in contact 
with them did not shift from fixation of nearly equal amounts of sodium and 
magnesium toward preferential fixation of calcium and (less) magnesium 
upon dilution, sediments in the central soft water zone, once saturated with 
sea water, should now hold nearly equal amounts of sodium and magnesium 
which would be given up in more or less equal amounts upon being subjected 
to action of eastward moving high-calcium waters, in which case the central 
belt of soft-bicarbonate waters would yield hard sodium-magnesium waters. 

Some fresh waters just outside the brackish water zone contain high 
magnesium (a maximum of 5.3 parts per million) relative to calcium (Table 
E). Here it would seem that fresh water coming in contact with sodic clays 
lost calcium preferentially and the resultant high magnesium-calcium ratio 
was not reversed by local generation of minute amounts of calcium bicarbonate. 
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FERRUGINOUS BAUXITE DEPOSITS IN NORTHWESTERN 
OREGON, 


F. W. LIBBEY, W. D. LOWRY, AND R. S. MASON. 


ABSTRACT. 


Extensive deposits of ferruginous bauxite in northwestern Oregon ° 
were formed by laterization of Miocene basalts before the deposition of 
unconformably overlying continental silts of Pliocene age. The lateriza- 
tion probably occurred while the basaltic terrane was low-lying and before 
gentle Pliocene folding. 

Topography governs the extent of these nearly flat-lying deposits. 
Their distribution is related to the structure of the Miocene basalt which 
has been folded into gentle anticlines and synclines. The deposits occur 
on rather flat-topped hills or ridges or on gentle slopes ranging in eleva- 
tion from about 200 feet to nearly 2,000 feet. Erosion has dissected and 
removed a large part of the original laterized basaltic terrane. 

Thickness of the deposits is from 6 to 20 or more feet. The silt over- 

burden ranges in thickness from a foot to more than 50 feet in places. 
The average thickness is moderate and the ratio of overburden to ore will 
probably average less than 2 to 1. 
_ Several textural varieties of ore are present at most localities. In 
Washington and Columbia counties the upper part of the ore section in 
most places is odlitic or pisolitic. The lower part of the section ranges 
from earthy to nodular with some nodules containing much crystalline 
bauxite and minor limonite. Nodules made up essentially of light-colored 
bauxite occur as float. 

Exploration of two of the larger deposits in Washington County by 
the Oregon Department of Geology and Mineral Industries has indicated 
more than 5 million long tons of ferruginous bauxite. An arithmetical 
average of samples obtained by the auger-hole drilling of these deposits 
is 34.68% Al.O;, 23.12% Fe, 4.85% TiO:, 9.48% SiO., and 0.176% P. 
The arithmetical average of the ferruginous bauxite deposits channel 
sampled in Columbia County is 38.63% Al:O:, 20.70% Fe, 5.83% TiO:, 
and 9.36% SiO: The loss on ignition (water of hydration) of the fer 
ruginous bauxite averages between 18 and 20 per cent and the moisture 
content ranges from 15 to 25 per cent. The silica content of the ore is 
slightly lower than the figure given above, as the result of contamination 
from the overlying silt during auger drilling. 

In the Salem area the deposits in place appear to be thinner than those 
farther north. Most of them lack the odlitic part of the ore section, prob- 
ably as the result of erosion. However, the lower part of the ore section 
appears to have been better developed, and high-grade bauxite float is 
widely distributed in the Salem Hills. These nodules contain 50-60% 
Al.Os, 2-14% Fe, 1-4% TiO:, aud 2-6% SiO, No estimate of quantity 
may now be made. 

Although the Oregon ferruginous bauxite cannot be treated economi- 
cally by the Bayer process, the Pedersen process has been employed in 
Norway to treat material of similar composition, and such a process or a 
modification of it to produce alumina, iron, and possibly titanium appears 
to be feasible. The Aluminum Company of America is exploring the de- 

posits in Washington and Columbia counties and conducting metallurgical 
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tests on the ore. These deposits, so favorably situated in relation to 
aluminum reduction plants on the Lower Columbia River, may become an 
important source of alumina for these plants. 


INTRODUCTION. 


LARGE reserves of ferruginous bauxite occur in a discontinuous south- 
trending belt, 100 miles in length, just west of Portland in northwestern 
Oregon (Fig. 1). These lateritic deposits, derived from basalt of Miocene 
age, may prove to be an important source of alumina to supply nearby alumi- 
num reduction plants. Alcoa Mining Company is actively exploring some 
of the larger deposits in Washington and Columbia counties. The average 
analysis of this ore is about 35% AI,O,,:25% Fe, 5% TiO, and 7% SiO.. 
These ores may not be economically treated by the Bayer process to recover 
the alumina. However, the Pedersen process, in which both iron and alumina 
may be recovered, has been employed in Norway to treat material of similar 
composition, and Alcoa recently reported in the press (January 31, 1946) 
that encouraging results are being obtained with the Pedersen process at a 
pilot plant in East St. Louis, Illinois, where tests on Washington County ore 
have been conducted for about ten months. The report indicated that Alcoa 
expected to know in from two to four months whether alumina can be pro- 
duced from the Oregon ore at a price approaching the cost of alumina pro- 
duced from Bayer-grade bauxite. On February 24, 1946, Alcoa announced 
plans to ship limestone to the Portland area from Alaska. As limestone is 
required in the Pedersen process, it is presumed that the company plans to use 
the stone in the treatment of the Oregon ore. 

The occurrence of bog limonite deposits in northwestern Oregon has been 
known for many years, and several of them in Columbia County have been 
described in reports which also noted occurrences of pisolitic “limonite” de- 
posits. The incomplete analyses made of these pisolitic ores in the past showed 
them to be comparatively low in iron content but failed to reveal their bauxitic 
character and different origin. Some of these pisolitic deposits in north- 
eastern Washington County were sampled in December 1943 by the Oregon 
Department of Geology and Mineral Industries, and the encouraging results 
led to surveying and drilling of a few of the deposits under a project author- 
ized by Mr. Earl K. Nixon, then Director of the Department. This project 
was described in a report ' issued in August 1944 which suggested the appli- 
cability of the Pedersen process to these ores. 

The Columbia County deposits, together with additional deposits in Wash- 
ington County, were later described in a report * which also noted the occur- 
rence of high-grade bauxite, mainly as float, in the Salem area farther south. 
Altogether nearly 100 occurrences were noted. 

Alcoa Mining Company started exploration work in Washington County 
early in 1945. The U. S. Geological Survey and Bureau of Mines began an 
investigation of deposits in Columbia County somewhat later in 1945, 


1 Libbey, F. W., Lowry, W. D., and Mason, R. S., High alumina iron ores in Washington 
County, Oregon, G.M.1. Short Paper No. 12, Oregon Dept. Geol. & Min. Ind., August 1944. 

2 Libbey, F. W., Lowry, W. D., and Mason, R. S., Ferruginous bauxite deposits in north- 
western Oregon, Bull. 29, Oregon Dept. Geol. & Min. Ind., June 1945. 
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The name “ferruginous bauxite” has been given to the deposits for lack 
of a more descriptive term. They are not ores of iron, and “laterite,” although 
defining the origin, does not have mineralogic significance. Bauxitic min- 
erals are common and the average content of hydrous aluminum oxides is 
somewhat greater than that of the hydrous iron oxides. The term “ore” is 
used in this article for convenience, although it is realized that according to 
strict definition, the material is not ore until it is shown that it can be treated 
at a profit. 


LOCATION, RELIEF, AND DRAINAGE. 

The areas where these deposits occur are shown in Fig. 1. The deposits 
which are potentially most important are included in an area of approximately 
150 square miles in Washington and Columbia counties and in the Salem 
Hills, south of Salem in Marion County. Most of the deposits are readily 
accessible over paved highways and various branch roads. 

The deposits in Washington, Multnomah, and Columbia counties, west 
and northwest of Portland, lie within the eastward extension of the Coast 
Range in northwestern Oregon. The region as a whole is considerably 
dissected but numerous extensive flat areas and smooth slopes persist, indi- 
cating a youthful topography. The deposits occur in these relatively un- 
dissected areas, ranging in elevation from several hundred feet to nearly 2,000 
feet. The Chehalem Mts. on the south which rise above 1,500 feet, the 
Tualatin River Valley, and the Portland hills farther north which are about 
1,100 feet in elevation, are prominent physiographic features (Fig. 2). The 
northern part of the area referred to above lies within Columbia County 
and is drained by the Columbia, Clatskanie, and Nehalem rivers. The 
southern part, in Washington County, is drained largely by the Tualatin 
River. Although some of the tributaries of the Tualatin, such as McKay 
Creek, have fairly steep gradients in their upper reaches and youthful valleys 
cut in basalt, the main Tualatin River meanders on a younger sedimentary fill. 

The known deposits in the Salem area, about 50 miles south of Portland, 
are largely restricted to the Eola Hills and Salem Hills which lie within the 
Willamette Valley physiographic province between the Coast Range and 
Cascade Range. Both the Eola Hills and Salem Hills are essentially easterly 
sloping cuestas which rise above 1,000 feet in elevation on their steep western 
sides where the relief is more than 800 feet. 


DEPOSITS IN WASHINGTON, MULTNOMAH, AND COLUMBIA COUNTIES. 


General.—As far as is known, all the ferruginous bauxite deposits are the 
result of the laterization of Miocene basalts, and occur at the top of the 
basaltic section. They are not to be confused with the limonite deposits of 
bog origin which are found within the basaltic series. The ferruginous 
bauxite deposits occur on flat-topped hills or ridges or on gentle slopes, where- 
as the limonite deposits do not have direct relation to the topography and 
may crop out on steep, dissected slopes. 

The deposits in the Washington County-Columbia County area are on 
Columbia River basalt of Miocene age. Those in the Salem area are re- 
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stricted to a similar and correlative basaltic terrane made up of Stayton lava. 
The Columbia River basalt can be traced continuously southward to within 
5 miles of the Stayton lava where the intervening area is covered by valley 
fill. Most of the basalt is dark gray to black, fine-grained, and hemicrystal- 
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Fic. 1. Index map of northwestern Oregon showing areas in which ferrugi- 
nous bauxite deposits are known to occur. Aluminum reduction plants are located 
at Troutdale, Oregon, and at Vancouver and Longview, Washington. 


line with an average of about 20% glass. The relatively high percentage of 
glass and characteristic intersertal texture were probably important factors 
in effecting the laterization. 

Stratigraphy.—The Miocene Columbia River basalt in Washington, Mult- 
nomah, and Columbia counties unconformably overlies the Goble volcanic 
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series of upper Eocene age and marine sandstones ranging in age from lower 
to uppermost Oligocene and possibly lower Miocene. The Columbia River 
basalt is reported by Weaver * to be interbedded with the marine Astoria 
formation of middle Miocene age. The basaltic series is as much as 700 feet 
thick and the lavas were poured out on an erosional surface with a moderate 
relief of about 600 feet. The basalt is unconformably overlain by the Trout- 
dale formation which is assigned by Chaney * to the lower Pliocene on the 
basis of a study of its fossil leaves. The stream conglomerate, which makes 
up the bulk of the Troutdale formation, has not been found in contact with 
the laterite at the top of the basaltic section. However, the laterite is over- 
lain unconformably by a massive brown silt tentatively assigned ° to the upper 
part of the Troutdale formation. The presence of well-rounded pebbles in 
the silt indicates its water-laid origin. In places the silt overburden is as 
much as 100 feet thick but in most places it is less than 25 feet. Boring 
lava of Pliocene-Pleistocene age overlies the Troutdale formation in -the 
Portland area ® and is in turn overlain by the massive silt; hence the Boring 
lava may be contemporaneous with the upper part of the Troutdale formation. 

River terrace sands, gravels, and alluvium of Quaternary age unconform- 
ably overlie the older formations. 

Structure of the Columbia River Basalt-—The topographic distribution of 
the ferruginous bauxite deposits is directly related to the structure of the 
Columbia River basalts (Fig. 2). Reliable dips and strikes in the basalts 
are difficult to obtain because of the thick soil mantle, and in. most places 
where attitude is shown best, only the general direction of dip may be taken. 
Most dips are less than 10 degrees. Although relatively few attitudes have 
been obtained, they correspond with the general regional slopes, and it appears 
that large topographic features in Miocene basaltic terrane are controlled by 
the structure of the basalt. The attitudes of two of the larger ferruginous 
bauxite deposits have been determined by drill holes and both correspond 
with the regional slope and are very similar in attitude to the basalt exposed 
in the intervening valley of McKay Creek. Hence a knowledge of the struc- 
ture of the Columbia River basalt is a great aid in looking for new occurrences 
of ferruginous bauxite. Conversely, the elevations of the ferruginous bauxite 
deposits may prove to be fairly accurate indicators of the regional structure 
of the basalt, especially where a number occur in one area. However, before 
full reliance may be placed on them as indicators, more knowledge of the 
basaltic surface on which the deposits were formed is required. 

The Columbia River basalt in the Washington County-Columbia County 
area has been folded into rather broad synclines and anticlines. The basalts 
have been displaced by faults in places, but the extent of faulting is not well 
known. The Tualatin River Valley is a northwest-trending syncline in the 

3 Weaver, C. E., Tertiary stratigraphy of western Washington and northwestern Oregon, 
Univ. of Wash. Publ. in Geology, vol. 4, p. 184, 1937. 


4 Chaney, R. W., The Troutdale flora, pliocene floras of California and Oregon, part 12, 
Carnegie Inst. Washington Pub. 553, 1944. 
5 Wilkinson, W. D., Lowry, W. D., and Baldwin, E. M., Geologic map of the St. Helens 
quadrangle, Oregon, Oregon Dept. Geol. & Min. Ind., 1945. 
6 Treasher, R. C., Geologic map of the Portland area, Oregon Dept. Geol. & Min. Ind., 1942. 
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basalts and is filled with much younger sediments. The Chehalem Mts. form 
the southwest limb of the structure and their more gentle northeastward 
slope reflects the attitude of the component basalts. The log of a well at 
Hillsboro near the center of the structure shows that there the top of the 
basalt is more than 1,400 feet below the valley floor. The basalts that form 
the northeast limb of the structure rise toward the crest of the Portland hills 
in Multnomah County where they reverse their dip to form the Portland 
hills anticline.? Cooper Mt. and Bull Mt. just north of the Tualatin River 
near Tigard form a northwest-trending anticlinal structure between the con- 
verging limbs of the Tualatin River Valley syncline. 

The Portland hills anticline trends northwest, and farther north its crest 
nearly coincides with the drainage divide in northern Washington County and 
southern Columbia County. From the crest of the anticline in southern 
Columbia County the basalts dip to the northeast. They form the southwest 
limb of a southeast-trending and -plunging syncline whose axis runs through 
the Yankton area several miles west of St. Helens. From there the basalts 
rise to the northeast where they have been cut through by the Columbia 
River. 

The age of the folding of the Columbia River basalt is difficult to determine 
from the available evidence. It may have begun in the Pliocene while the 
Troutdale conglomerates and sands were being laid down. The erosion 
represented by the disconformity between the laterite and the overlying 
massive silt, tentatively assigned to the upper part of the Troutdale formation, 
may have been the result of the inception of folding. However, if all the 
massive silt is water-laid, its topographic distribution, which is similar to that 
of the lateritc, must be explained largely by folding. If so, the folding may 
have progressed throughout all of Troutdale time and somewhat affected 
the Boring lavas, as they are overlain, by apparently the same massive silt. 
The terraced Pleistocene river sands and gravels and Recent alluvium are not 
known to be deformed. 

Laterization of the Basalt—The laterization apparently took place before 
folding of the basalts began. The rate of formation of laterite had to exceed 
the rate of its removal by erosion. The topographic distribution of the ferru- 
ginous bauxite deposits corresponds with the regional structure of the basalt, 
and drilling shows that the attitudes of two of the larger deposits are similar 
to that of the basalt exposed in an intervening valley. As it is now generally 
agreed that the formation of lateritic aluminum hydroxide is caused by the 
long continued action of ground waters under special conditions of moisture 
and heat, it seems logical to assume that erosion was relatively inactive during 
the accumulation of the ferruginous bauxite deposits in the Washington 
County-Columbia County area. The association of the Miocene basalt with 
the marine Astoria formation farther to the north and west and the presence 
of pillow lava near Rainier indicate that the region formerly had low relief. 
The widespread occurrence of bog limonite within the basaltic series also 
suggests that the area was low-lying. No marked erosion is believed to have 
preceded laterization of the lavas as the basaltic terrane has a youthful topog- 


7 Treasher, R. C., op. cit. 
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raphy and is still quite continuous, indicating that no widespread erosion has 
taken place. The piling up of several hundred feet of lava might be expected 
to result in gradients sufficient to cause active erosion unless the land sunk or 
the sea rose, and it may be that both subsidence of the land and encroachment 
by the Astoria sea attended the great outpouring of these lavas. The much 
greater thickness of the Columbia River basalt in the Columbia River Gorge 
not far to the east seems to be explained much better by a greater initial thick- 
ness as a result of subsidence than by subsequent erosion of the lavas in the 
Portland area. The presence of Troutdale conglomerate along the Columbia 
River in the vicinity of St. Helens several hundred feet in elevation below 
deposits of ferruginous bauxite suggests active erosion prior to its deposition. 
The disconformity between the laterite and overlying massive silt into which 
the Troutdale conglomerate apparently grades in places may represent the 
erosion preceding the deposition of the conglomerate. Thus laterization may 
have been active in forming the ferruginous bauxite deposits in Washington, 
Multnomah, and Columbia counties from the time of the outpouring of the 
Miocene lavas to the time of their folding, which is thought to have begun 
by early Troutdale (Pliocene) time. The massive silt which overlies the 
laterite has helped to protect it from erosion because the silt is conducive to 
the rapid development of a lush vegetation which retains much of the rainfall 
and hence retards the general erosion of the area. 

Shape, Thickness, and Attitude of the Deposits—Topography determines 
the outline of the deposits. The upper surface of the deposits does not parallel 
the topography of the silt. The drilling of two of the deposits indicates that 
the present surface, exclusive of the stream valley areas, is not as deeply 
dissected as that of the pre-silt topography. Except along the main stream 
valleys, post-silt erosion has not been sufficient to expose the older surface in 
most places. 

The deposits have a sheet-like form and the ones so far drilled by the 
Oregon Department are nearly flat-lying and range in thickness from a few 
feet to more than 20 feet. Drilling of the Hutchison-Nixon deposit in north- 
eastern Washington County indicated that the bottom of the deposit is fairly 
regular. Drilling of the nearby Hendrickson deposit showed that the lower 
surface of the hard ore is fairly even but drilling of more closely spaced holes 
at both localities may show that the lower surface is less regular than supposed, 
as the cut-off point of the ore is not well defined in most places. The sheet- 
like form of the deposits is apparently the result of the generally uniform 
laterization of a single basalt flow or several flows. 

Character of the Ore——Color of the ferruginous bauxite ranges from light 
brown through various shades of red to dark or chocolate brown. A single 
deposit may contain several textural varieties of ore. The varieties include 
a hard oolitic or pisolitic type, a softer earthy variety with hard porous 
nodules or angular fragments, and a hard porous-granular type. Composition 
of the several varieties of ore is not greatly different, but the hard porous- 
granular type which has been encountered largely as float at some localities, 
contains an appreciably higher percentage of alumina and less iron. 

Where the profile or cross-section of the laterite: could be determined 
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from exposures and drill logs, the upper ore horizon in most places has a 
quite well-defined odlitic or pistolitic texture. In places the odlitic part of the 
ore section is more than 13 feet thick. In several places where the profile is 
known, the concretionary variety is directly underlain by earthy, laterized 
basalt. Elsewhere the material underlying the hard pisolitic or odlitic 
horizon has a similar chemical composition but it may have a somewhat lower 
silica content and a higher percentage of alumina. The material of this 
horizon is usually brown and rather soft and earthy with much harder, 
irregularly-shaped nodules. It is more than 10 feet thick in places. 

' The odlites and pisolites in the concretionary ores are variable in size and 
may be nearly round, ovoid, or quite irregular in shape (Figs. 3 and 4). Most 
of them range in size from less than one-sixteenth of an inch to about three- 





A. B. 
Fic. 3. Two views of a concretion common in one of the ferruginous bauxite 


deposits. A, surface; B, cross-section showing a pisolitic texture with odlites 
within pisolites. Natural size. 


fourths of an inch in diameter. Although some concretions at certain localities 
are several inches in largest dimension, the larger concretions generally have 
a wormy texture and. a higher percentage of iron. Some of the larger 
odlites enclose a number of smaller ones. The fresh or unweathered fracture 
surface of most odlites has a dark gray to nearly black color with a submetallic 
luster, weathering concentrically to a brownish color. Hardness is somewhat 
variable but for most odlites is probably 5 to 5.5. Streak is reddish-brown. 
The odlites and pisolites possess varying degrees of magnetism; most of them 
are readily attracted by a magnet. The matrix of these types has an earthy 
limonitic appearance and is mostly softer and lighter in color than the con- 
cretions, as well as being much less magnetic. Spectographic analysis of a 
specimen of the odlitic ore shows that the odlites have a composition similar 
to the matrix but contain more iron and less aluminum. Both the odlites and 
matrix contain water’ of hydration. 
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Residual grains of magnetite and possibly some of ilmenite as much as 
0.55 mm. in diameter are contained in the odlites as well as in the matrix 
of the concretionary ores. However, the greater magnetism of certain odlites 
is believed to be due to the presence of secondary iron oxide. Chemical 
analysis of magnetic odlites from one of the deposits showed the total iron 
content to be 43.02 per cent. Of this, 3.65 per cent was present as ferrous 
oxide (4.70% FeO) and 39.37 per cent as ferric oxide (56.24% Fe,O,). 

A number of features of interest are shown in a thin section of odlitic 
ferruginous bauxite illustrated in Fig. 4A. The makeup of the odlites is 





Fic. 4. A, Oolitic ferruginous bauxite from Washington County showing dif- 
ferences in the make-up of certain odlites. The matrix is largely gibbsitic mate- 
rial. The white streaks within the odlite to the left of center are gibbsite. Re- 
flected and plain light. Approx. X 15. 

B, Cross-section of hard porous nodule characteristic of nodular type ferrugi- 
nous bauxite showing a colloform texture and white patches of bauxite. Natural 
size. 


variable. Some, like the odlite in the upper right corner, have a dark gray 
opaque core surrounded by a rim of reddish-brown translucent material with 
residual grains of magnetite. The opaque material in these odlites, which 
are the most magnetic, is mainly a magnetic secondary iron oxide with a 
metallic to submetallic luster and a colloform or odlitic texture. The trans- 
lucent rim, which may have a concentric structure, is slightly birefringent and 
its index of refraction indicates it is a mixture of gibbsite and iron oxide. 
Other oolites in the thin section lack the opaque magnetic secondary iron 
oxide but have a colloform or odlitic texture with residual grains of mag- 
netite. Some of these odlites have a peripheral zone characterized by a con- 
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centric growth structure like that shown in the lower left corner of Fig. 4A. 
Some contain either crack or cavity fillings of gibbsite, as shown by the oolite 
left of center in Fig. 4A. One of the larger odlites not shown in the figure in- 
cludes three pieces of altered basalt whose texture has been preserved. The 
plagioclase laths of the original basalt have been replaced by gibbsite and the 
residual grains of magnetite retain their original arrangement. One odlite 
has a colloform texture with only a few residual grains of magnetite and an- 
other is made up almost entirely of gibbsite. In some of the interodlitic areas 
gibbsite occurs as a cavity lining. These areas are made up largely of 
gibbsitic material similar in appearance to that of the nonopaque oolites but 
part is made up of gibbsitic material with a concentric structure and contain- 
ing a little residual magnetite. Some of the interodlitic areas also contain 
aggregates of radially arranged fibers with a botryoidal-like structure. These 
fibers are probably largely goethite. They appear to constitute the initial 
fillings between some of the odlites. Magnetic secondary iron oxide similar 
to that in the opaque cores of some odlites forms a network in some of these 
aggregates, and gibbsite occurs as a filling within some of them. 

The composition of the odlitic and pisolitic variety or ore is fairly well 
represented by 9 feet of odlitic material from one of the drill holes in the 
Hutchison-Nixon deposit and is given in the tabulation below. There the 
composition of the odlitic ore is similar to the underlying somewhat softer, 
porous nodular type. 


PAMELENISTE A PAISODS) 5 Gis Six. 5,0ce's + o'e a: anes aterm RTE oie islam eceal oie 36.47% 
SRMRGMINIOD 5 5 ox cs, 'v. oo Wehbe a:'s 6 ie 0.0 Bote aes eb REELS a eee eee 21.65 
RRRIAEE UR DD) 5 in on’ ahs 0:6 4 00 Fv doa eb a pl eoane mean RIS Soere uate 3.23 
CRM RIOD Coa 546 cs 55.103 Sh; vw oh ww lelMe ete AVE EEE NTs eT eLe sb 7.99 
Ignition loss (water of hydration). ...........ceseseevees 23.05 


The nodules in the nodular type ore are quite hard and some, when 
broken or cut, show patches of light brown or buff, sometimes gray or nearly 
white, porous, earthy material that is made up largely of cliachite (?) and 
gibbsite (Fig. 4B). The index of refraction of the cliachite (?) is about 1.62 
to 1.63 which is a little higher than the range usually given for it. Micro- 
scopic examination of a thin section of one nodule shows that it contains both 
oblitic and colloform structures with residual grains of magnetite. 

Microscopic examination of a thin section of the porous-granular type 
ore shows that much of the original texture of the parent basalt has been 
preserved. The numerous residual skeletal grains of magnetite retain their 
original arrangement. The original laths of plagioclase, as well as the other 
constituents, have been largely replaced by aggregates of gibbsite. Reddish- 
brown birefringent iron oxide, probably goethite, is a lesser constituent. 
Chemical analysis of this type of ore from one locality showed that it contains 
46.84% AleOo, 9.81% Fe, and 7.26% SiOz. 

The reason for textural differences of the ores is not known. The differ- 
ence within a single deposit may be marked, whereas, the profiles of the several 
deposits may be quite similar. Although a slight difference in the texture 
and composition within a single basalt flow and among separate flows might 
result in a variation in the texture of-the ore, such a difference is not thought 
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to be the true explanation. The difference in texture of the ore is character- 
istic of deposits that are widely separated, and such textural and compositional 
differences in the flows would have had to be present in all of them. Such 
factors as ground-water level and its seasonal fluctuations may have been the 
most important in effecting the textural variations. The inclusion of odlites 
within pisolites, which in turn are within larger concretions, shows that the 
ores accumulated over a long period of time. 

The oolitic or pisolitic section of laterite probably represents a zone of 
concentration in part by concretion, whereas the underlying sections may 
represent a zone of concentration largely by leaching. Concentration by both 
processes appears to have taken place, as shown by the analyses of ore from 
one locality in Columbia County. The combined alumina and silica content 
of the pisolitic horizon is about 40 per cent (33.20% Al,O3 and 6.36% SiOz), 
whereas that of the underlying earthy laterized basalt is about 53 per cent 
(38.48% Al,O3 and 14.34% SiOz). The iron content of the pisolitic horizon 
is 27.83 per cent, whereas that of a part of the underlying horizon is only 
19.07; both horizons have a similar ignition loss. Thus, while leaching of 
silica from the lower horizon was taking place, iron probably was being added 
to the overlying horizon. Aluminum hydroxide must have moved downward 
into the horizon underlying some of the pisolitic sections, as indicated by the 
retention by the porous-granular type ore of the original texture of the parent 
basalt by replacement of the original constituents with gibbsite. 

Size of the Deposits—Two of the larger deposits located in northeastern 
Washington County have been explored by auger drilling by the Oregon 
Department. The Hutchison-Nixon deposit on Pumpkin Ridge lies along 
the crest of a long narrow northwest-trending ridge. The ore body dips 
gently southward, ranging in elevation from 1,100 to 1,300 feet. It contains 
an indicated reserve of 3,600,000 long tons of ore (natural basis). The 
average analysis of the ore is given in the tabulation below: 


PUM MER AMIRD Oven act to Oe tr CaS eb ie oie ech cle ds hidins 34.33% 
ERMSEL RIOT Are ar ucate ac O46 ove Riek wrk ha ane ete + ON ory one's 24.46 
SHIGA, WREDAD ole te AipSe esol sina elses s Mivel daisls Jeld Lee’ vines 8.64 
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Moisture content of the ore tested averaged about 25 per cent. The silica 
content given above is probably. a little high as the result of contamination 
from the silt overburden during drilling. The thickness of ore used in 
calculating tonnage ranges from 9.5 to more than 20 feet, averaging 13 feet. 
The above tonnage figure does not include all the potential ore in the adjacent 
areas, as the ore body is known to extend to the northwest, and additional 
ore is thought to occur on the ridge across the creek to the north. The over- 
burden ranges in thickness from 2 to 30 feet, averaging 18 feet. The stripping 
ratio of overburden to ore is 1.4 to 1. 

An even larger reserve may occur on Dixie Mt. on the east side of McKay 
Creek across from the Hutchison-Nixon deposit. It consists of a number of 
disconnected ore bodies which range in elevation from about 900 to more than 








258 F, W. LIBBEY, W. D. LOWRY AND R. S. MASON. 


1,400 feet. The deposits, like the Hutchison-Nixon ore body, lie on the gentle 
slope of the southwest limb of the Portland anticline which in the Dixie Mt. 
area has been dissected to form rather large relatively flat spurs separated by 
low saddles where the ore has been eroded away. 

The Hendrickson farm on Dixie Mt. was selected for exploration because 
of its accessibility and also because an old logging railroad grade exposes the 
ore formation in a number of places, and favorable topography indicated a 
possible large tonnage. The area underlain by ore is approximately 65 acres. 
The ore body contains at least 1,760,000 long tons of ore (natural basis). 
An arithmetical average analysis of samples of ore from holes drilled on the 
Hendrickson farm is given in the following tabulation : 


Uber LATIONS) so has Wie) & are wee Seanad eb te mae ew a wre asiere 31.85% 
ee eee ener fen ee ey eee 25.95 
JES AAG 68 CS Sei Renae oumirr tran NT Me Bfiei ri SAN ani eee 4.5 
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The moisture content of the ore averaged about 19 per cent. 

It is believed that the analysis of the ore in some of the holes showed rela- 
tively high silica not only as the result of contamination from the silt over- 
burden during drilling but also because too much of the reddish clayey silt 
was included in some of the samples. The average arithmetical thickness of 
the ore sampled is approximately 11 feet and the stripping ratio of silt over- 
burden to ore is approximately 2 to 1. The earthy material underlying the 
hard ore was thought to be largely clay at the time some of the sampling was 
done, but since then it was found that in places this material is bauxitic, and 
further drilling probably will prove a greater ore thickness. Ore is known to 
extend to the northwest of the Hendrickson ore body where a flat-topped 
area possibly 50 acres or more in extent may be underlain by ore. The 
Hendrickson ore body extends an unknown distance to the east where an- 
other large flat is at least in part underlain by ore, and the ore also extends 
to the northeast where it is known to occur in at least one area. Other prom- 
ising flat areas are 1 to 114 miles southeast of the Hendrickson farm where a 
drill hole penetrated 10 feet of typical ore. 

Alcoa Mining Company is exploring the Dixie Mt. area and although the 
results of their exploration are not known, the total reserve of ore similar 
to that on the Hendrickson farm is probably more than 5 million tons. 

The Oregon Department has explored other deposits in Washington 
County by a few drill holes. Alcoa Mining Company has explored some of 
these deposits as well as a few of the more promising ones farther north in 
Columbia County. The U. S. Geological Survey and Bureau of Mines con- 
ducted a survey of some of the deposits in Columbia County in the vicinity of 
St. Helens during the summer of 1945. The report ® of the results of their 
drilling project shows about 850,000 long tons (dry basis) of ore to be present, 


8 Bell, G. L., Preliminary report on laterite deposits in the Portland region, Oregon, U. S. 


_ Geol. Survey, Strategic Minerals Investigations, July 1945. 
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of which more than half is inferred. The average composition of the ore is 
given as approximately : 
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The loss on ignition was not given. 

Analysis of channel and grab samples taken by the Oregon Department 
from nearly all the known deposits in Columbia County shows an arithmetical 
average of 38.63% Al,O;, 20.70% Fe, 5.83% TiO., and 9.36% SiO,. The 
loss on ignition averaged about 19 per cent. This analysis shows that the 
Columbia County ore is substantially the same as the Washington County ore. 

Origin of the Ore-—Much additional evidence besides the confinement of 
the ferruginous bauxite deposits to the surface of the Miocene basalt indicates 
a lateritic origin. Exposures and drill logs show that there is a gradation 
from bauxitic material to altered basalt. Some roadcuts in the laterite show 
the spheroidal weathering pattern of the parent basalt and some, the original 
vesicles. Residual grains of magnetite are present in the deposits and some 
of the grains still retain part of their original outlines. The odlitic or piso- 
litic and nodular texture of the ores, together with the mixed composition and 
colloform structure of both the oolites and matrix, suggests their colloidal 
nature and their derivation from basalt. One specimen of odlitic ferruginous 
bauxite contains inclusions of altered basalt which retain much of the original 
texture, and the porous-granular ferruginous bauxite retains much of the 
texture of the parent basalt including the arrangement of the residual grains 
of magnetite. 

Spectrographic analyses of samples of ferruginous bauxite from three 
different deposits compared with spectrographic analysis of a sample of 
Columbia River basalt shows that the eleven elements present in the ferru- 
ginous bauxite are also present in the basalt. 

It seems well established that laterization was effected by the leaching 
action of ground water under special conditions so that most of the silica and 
magnesia was removed and alumina and iron concentrated. Judging from 
these analyses, all of the calcium and sodium was removed in the weathering 
process. Although much more analytical work would be required to obtain 
definite results, the work so far done indicates that, of the minor elements 
present in the basalt, manganese, chromium, strontium, and barium were 
reduced in quantity by leaching, but titanum, zirconium, vanadium, and molyb- 
denum were either concentrated or affetted only slightly in the process. 
Copper, nickel, and cobalt which occurred as trace elements in the basalt 
could not be found in the ore samples. 


DEPOSITS IN THE SALEM AREA-——POLK AND MARION COUNTIES. 


General Geology.—The occurrence and origin of the bauxitic deposits in 
the Salem area are similar to those farther north but because they were the 
last to be discovered and because they appear to be less extensive, they have 
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received less attention than those farther north and closer to the aluminum 
reduction plants. The nearly complete absence of the pisolitic ferruginous 
bauxite in the Salem deposits is in part compensated for by an apparently 
much greater development of nodules of high-grade bauxite. 

The Miocene Stayton lavas in the Salem areas are not only similar in 
character to the Columbia River basalt but occupy an analogous stratigraphic 
position. They overlie unconformably the Illahe formation of tuffaceous 
marine sandstones of Oligocene age and are in turn overlain unconformably 
by the Fern Ridge tuffs of Pliocene (?) age. 

The Stayton lavas form the surface of the Eola Hills and Salem Hills, 
north and south of Salem, respectively. Most of the deposits occur on these 
hills which are essentially one easterly dipping homoclinal block cut in two 
by the Willamette River whose course must have been superimposed from a 
cover of sediments probably belonging to the Fern Ridge formation. The 
strike of the Stayton lavas changes from about northwest in the Salem Hills 
on the south to nearly north in the Eola Hills farther north. Their easterly 
slope of 2° to 3° reflects the attitude of the component lavas. 

Laterization of the Stayton lavas is believed to have taken place at the 
same time as that of the Columbia River basalt farther north. The topo- 
graphic distribution of the deposits is related to the structure of the basalts 
and therefore the laterization probably took place before the deposition of the 
unconformably overlying Fern Ridge tuffs. This conclusion is borne out by 
field evidence. A nodule of high-grade gibbsite was found in tuffaceous sedi- 
ments which have been mapped by O’Neil ® as part of the Fern Ridge tuffs. 
This indicates that laterization preceded deposition of the Fern Ridge tuffs. 
The marked differential weathering of the Stayton basalt below the Fern 
Ridge tuff containing the bauxite nodule, as well as an erosional unconform- 
ity, indicates that part of the lateritic profile was destroyed before the over- 
lying sediments were deposited. This condition parallels that in Washington, 
Multnomah, and Columbia counties where much of the erosion of the laterite 
took place before deposition of a massive silt tentatively assigned to the 
Troutdale formation of Pliocene age. 

Both the tuffs and gravels in the Fern Ridge formation have been weath- 
ered in places to form high-alumina clays. The tuffs and gravels may have 
been deposited in the Salem area at about the same time as the sediments of 
the Troutdale formation in the Portland area. Gravels in the upper part of 
the Troutdale formation have been similarly weathered in many places in 
northwestern Oregon and southwestern Washington, and clay from a similar 
weathered gravel near Mayger contains as much alumina as silica.’? The 
weathering evidenced by these two formations may represent either a con- 
tinuation of the climatic conditions which produced laterization of the Colum- 
bia River basalt and Stayton lavas, or a somewhat later weathering cycle. 

Geology of the Deposits —The presence of much bauxite float on many of 
the highest ridges and flat hills in the Salem Hills indicates that the deposits 


9 O'Neil, T. F., Geology of the Stayton quadrangle, Oregon, master’s thesis, Oregon State 
College, 1939. 

10 Wilson, Hewitt, and Treasher, R. C., Preliminary report on some of the refractory 
clays of Western Oregon, Bull. 6, Oregon Dept. Geol. & Min. Ind., 1938. 
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were formed from the upper flows of the basaltic section. The outline of the 
deposits is determined by the topography, and their attitude apparently by 
that of the basalt flows, but insufficient exploration work has been done to 
determine the attitude of the lower surface of the deposits. 

Preliminary investigation in the Salem area by the Oregon Department 
shows that the character of the laterite is somewhat different from that in 
the northern counties. The odlitic or pisolitic horizon is seemingly missing 
at all localities except one. However, there it occurs at the top of the lateritic 
section. Although the absence of the pisolitic horizon elsewhere probably is 
due to its removal by erosion,-it may never have been as well developed in 
the Salem area as in Washington and Columbia counties. The apparently 
much greater abundance and larger size of the bauxitic nodules in the Salem 
area may be attributed to a greater relief of the area during laterization, 
resulting in a greater fluctuation of the ground-water table. 

The pisolitic ferruginous bauxite at the one locality in the Salem area is 
quite similar in appearance and composition to that in Washington and 
Columbia counties. It contains inclusions of porous-granular ferruginous 
bauxite and light-colored gibbsitic masses as much as 2 inches in length. 
The smooth curved surfaces of the gibbsitic masses suggest their colloidal 
origin, The only low-iron pisolitic bauxite found in the Salem area occurs 
as float at this locality. 

A horizon containing bauxitic nodules occurs below the pisolitic ferru- 
ginous bauxite. These nodules in the Salem Hills range in size from small 
pieces to as much as 2 or 3 feet in diameter and although most of them are 
loose on the surface or in the overburden, some appear to be in place in the 
upper part of the upper section of earthy laterized basalt. A bed of high- 
grade bauxite about 1 foot thick and 12 feet long is exposed in one roadcut 
in the Salem Hills, but its areal extent is not known. 

The bauxite nodules are irregular in outline and most of them have a 
rough surface (Fig. 5). Color of the nodules, when broken, is white, green, 
pink, light brown, or reddish-brown, or combinations of these colors. Some 
of the reddish-brown nodules have a porous, almost spongy, granular texture 
with residual grains of magnetite. Some of the larger nodules have a dense 
texture with irregularly shaped cavities and contain much fewer grains of 
residual magnetite and generally are lighter in color. The composition of 
the nodules analyzed ranges from 50 to 60% AI,O,, 1 to 6% SiO,, and 
1 to 14% Fe. Pieces of banded gibbsite float have been found at one locality 
in the Salem Hills. The banding consists of persistent, alternating thin layers 
of cream and light-brown colored gibbsitic material. The banding is thought 
to be a rather faithful preservation of the original flow banding in the parent 
Stayton lava which is in many places characterized by a marked horizontal 
platy jointing. 

Microscopic examination of a thin section of a gibbsitic nodule with white 
lath-shaped crystals and residual grains of magnetite reveals that much of 
the original texture of the parent basalt has been preserved. A photomicro- 
graph of the section is shown in Fig. 64. The original basalt had an inter- 
sertal texture similar to that shown in the photomicrograph of a thin section 
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of Columbia River basalt from Washington County illustrated in Fig. 6B. 
The parent basalt was made up of skeletal crystals of magnetite and laths of 
plagioclase in a partially crystallized groundmass. The original plagioclase 
laths were 1 + mm. long and are now filled with aggregates of gibbsite. 
Veinlets of gibbsite cut many of the skeletal crystals of magnetite. Gibbsite 
forms other veinlets which cut the original texture, and it also lines some 
of the cavities. As pore space constitutes less than 25 per cent of the section, 
the preservation of the original texture is in part due to replacement by 
introduced gibbsite. 





Fic. 5. Cross-section of high-grade bauxite nodule from: the Salem Hills. 
Shaded parts are deep pink; light parts are pink to pinkisi-white. Two-thirds 
natural size. . 


At two localities where the lateritic section is exposed below the nodular 
horizon, it consists of brown or reddish earthy laterized basalt. At one of 
the localities, a well-defined spheroidal weathering pattern is preserved, and 
at the other, the lower part of the red earthy laterite contains a large piece of 
unaltered basalt. At the first locality, the upper 5 feet of laterite is brown 
with limonitic streaks or seams related to the weathering pattern, and contains 
lighter colored gibbsitic material with numerous residual grains of magnetite 
some of which show an octahedral crystal habit. Analysis of channel sam- 
ples of the upper 5 feet of the lateritic section at both localities shows that 
it is similar in composition to the ferruginous bauxite in Washington and 
Columbia counties. This upper section contains about: 
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Extent of the Deposits—Insufficient work has been done in the Salem 
area to permit definite statements regarding the thickness and character of 
the ore and the size of the deposits. The greater part of the known deposits 
is confined to the Salem Hills, and although some deposits are known farther 
north in the Eola Hills, that area appears to have suffered greater erosion. 
High-grade bauxite float has been found in the Waldo Hills east of Salem, 
but the occurrence of bauxitic material there is not well known owing in 
part to lack of investigation. 

In contrast to the rather thick overburden in Washington and Columbia 
counties, that in the Salem area appears to be thinner in section, probably 





Fic. 6. A, Gibbsite nodule, Salem Hills. Much original texture of parent 
basaltic rock has been preserved; plagioclase laths have been replaced by gibbsite. 
Plain light. X45. Compare texture with B. 

B, Columbia River basalt, Washington Co., with an intersertal texture formed 
by labradorite laths, augite, magnetite and glass. Plain light. x 45. 


less than 10 feet thick in most places. Possibly the soil is the remnant of 
the Fern Ridge tuffs. 

The laterite in the Salem area is the result of the weathering of Stayton 
lavas of Miocene age over a long period of time following their extrusion, and 
prior to the deposition of the Fern Ridge tuffs of Pliocene (?) age. Deriva- 
tion from the Stayton lavas is unquestionable, as indicated by residual min- 
erals, texture, and structure. As far as known, the laterite is confined to 
terrane made up of Stayton lavas. 


ECONOMICS. 


Reserves of high-grade bauxite in the United States, never very large 
compared to those in some foreign countries, have been greatly reduced be- 
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cause of unprecedented war requirements. New high-grade ore has been 
found by exploration work,’! but the known quantity of reserves of Bayer 
grade bauxite is far too small to make this country independent of foreign 
supplies and it is a truism to state that this country should never again be 
dependent on foreign sources of supply of any materials essential in prosecut- 
ing a war. Therefore either we must maintain huge stockpiles of imported 
high-grade bauxite or develop economic processes to treat domestic low-grade 
aluminous materials that occur in abundance. It is unnecessary to point out 
the advantages of developing and maintaining our own industry. 

Prior to World War II, because cheap and reliable electric power was 
available from hydroelectric development of the Columbia River, two pri- 
vately owned aluminum reduction plants were built on the river, one at Van- 
couver, Washington, and one at Longview, Washington. These were the 
first aluminum reduction plants built west of the Mississippi River. Later, 
because of war needs, three more plants were built in the Northwest with 
Government funds; one at Troutdale, Oregon; one at Spokane, Washington ; 
and the third at Tacoma, Washington. 

Combined rated capacity of the two privately owned plants is 248,000,000 
pounds annually; that of three Government-owned plants is 367,000,000 
pounds. The total is more than 300,000 tons, or twice annual domestic 
production before 1940. 

Under conditions existing in this country, the largest item of cost in 
aluminum metal production is alumina supply; the second is cost of electric 
power. Hewever, cost of alumina is less critical in relation to the location 
of plants, as alumina may be transported over long distances without increas- 
ing cost of the metal in direct proportion to the distance spanned, whereas 
electric energy may be transmitted economically over relatively short dis- 
tances. Dependability of power is also a governing factor in location of 
plants, as some so-called overhead costs such as amortization, depreciation, 
and administration must be charged whether or not a plant is turning out 
metal. 

Except for a relatively small amount of alumina produced from alunite 
by a plant at Salt Lake City, no alumina is produced in the West, and it must 
be transported from Bayer plants in the eastern part of the country to supply 
northwest plants. Railroad freight is $8.00 per ton in train lots. Converted 
into unit cost of metal, this cost of freight is 0.8¢ per pound of aluminum. 

The thickness, attitude, friability, and moderate stripping ratio of the 
deposits in Washington and Columbia counties all favor cheap mining with 
earth-moving equipment. It is likely that the ore could be excavated with- 
out the use of explosives. The deposits are distributed widely, and aggre- 
gate reserves appear to be substantial in millions of tons. Location of the 
deposits is especially favorable in relation to railroads, highways, the aluminum 
plants on the Columbia River, and electric power. 

As pointed out in a previous report,’* in order to be commercial, the ore 


11 MacPherson, F. H., Wartime bauxite mining in Arkansas. Am. Inst. Min. & Met. Eng., 
Mining Technology, T. P. 1910, Sept. 1945. 

12 Libbey, F. W., Lowry, W. D., and Mason, R. S., Ferruginous bauxite deposits in north- 
western Oregon, Bull. 29, Oregon Dept. Geol. & Min. Ind., June 1945. 
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would need to be treated to produce both alumina and iron, and as already 
noted, it is reported that Alcoa is obtaining encouraging results with the 
Pedersen process in treating Washington County ore at East St. Louis. 
The company estimates that by the middle of 1946 the testing work will show 
whether alumina may be produced from Oregon ore at a cost approaching 
that of alumina from Bayer-grade bauxite. Alcoa reports that the higher 
cost of extracting alumina from the Oregon ore may be offset by the value 
of the iron produced in the process. The writers believe that the titanium 
present in the ore may constitute an additional commercial by-product. As 
stated in the press by a spokesman for Alcoa, if the experimentation proves 
successful, the company will consider the construction of a pilot plant either 
near the Washington County deposits or near their reduction plant at Van- 
couver, Washington. 

As used in Norway, the Pedersen process was aimed primarily at produc- 
ing high-grade pig iron. Low-silica ferruginous bauxite was imported from 
France and smelted in an electric furnace with Norwegian iron ore, together 
with lime as a flux and coke as a reducing agent. Pig iron and calcium alumi- 
nate slag were the products from the electric furnace. The finely ground slag 
was treated with hot sodium carbonate solution containing some sodium 
hydroxide. Carbon dioxide gas was passed into the resulting sodium alumi- 
nate solution to precipitate aluminum hydroxide which was filtered and 
calcined to produce alumina. 

In summation, the ferruginous bauxite deposits of northwestern Oregon 
appear to contain reserves of sufficiently large size to warrant an alumina 
industry. Development of an economic treatment process is the critical 
factor in putting these deposits into production, not quantity of reserves. 

Because of location, probable extent, physical and chemical characteristics, 
and potential gross unit value of the ore, the Oregon deposits form the most 
important known reserve of low-silica aluminous ore in the United Siates. 
The following important points may be emphasized : 


(1) The Oregon ore is low in silica and therefore may be more econom- 
ically treated than clays or other aluminum silicates. 

(2) The iron contained in Oregon ores is an asset which offsets the 
lower alumina content compared to high-grade bauxite. 

(3) Location of deposits near aluminum reduction plants, and physical 
characteristics of deposits which will permit low mining cost, are 
especially favorable factors in any plan for commercial production 
from these ores. 
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FOUNDATION DISPLACEMENTS ALONG THE MALHEUR 
RIVER SIPHON AS EFFECTED BY SWELLING SHALES. 


R. C. MIELENZ AND C, J. OKESON. 


ABSTRACT. 


The Malheur River siphon, a feature of the Owhyee Project of the 
3ureau of Reclamation, U. S. Department of the Interior, comprises 21,- 
976 feet of 80-inch welded steel pipe and 1,020 feet of 78-inch, precast, 
reinforced concrete pipe. The siphon was completed in 1935, but within 
three years the supports of the steel pipe showed severe distress in the 
section lying north of the Malheur River and representing approximately 
10 per cent of the total length of the siphon. Field and laboratory studies 
show that the displacements are due to expansion of bentonitic shales and 
claystones of the Idaho formation, which underlies the siphon in this sec- 
tion and into which water penetrated after the siphon was put into opera- 
tion. The nature of the distress at the supports, the investigations into 
causes of the foundation displacements, and preventive measures designed 
to avoid future displacements are discussed. 
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INTRODUCTION. 


Tue Malheur River siphon is a feature of the Owhyee Project of the Bureau 
of Reclamation, United States Department of the Interior, and comprises 
21,976 feet of 80-inch, welded steel pipe and 1,020 feet of 78-inch precast, re- 
inforced concrete pipe, at the upstream and downstream ends (Fig. 1). It 
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is located in the extreme eastern part of Oregon, some 514 miles southwest 
of the town of Ontario (Fig. 2). Completed in 1935, the siphon is a part of 
the North canal, which carries irrigation water northwardly from the Owyhee 
reservoir and, by means of the siphon, across the valley of the Malheur River. 
The outlet of the siphon is approximately 270 feet higher than the river 
channel. 

The steel pipe lies entirely above ground, supported ‘upon piers and 
anchors. The piers are spaced with a maximum span of approximately 60 
feet ; the anchors are set at intervals not exceeding 972 feet, generally at breaks 
in slope or bends in the pipe. The pipe is supported at each pier by two 
semi-steel rockers, which are set against bearing shoes on the pipe (Fig. 3). 
One expansion joint was placed in the pipe between each pair of anchors. 
Thus, the pipe between each pair of anchors is free to increase or decrease in 





Fig. 1. Malheur River Siphon, looking toward outlet and along the last 1,900 feet 
of steel pipe. 


length due to stresses accompanying filling or drainage, or as a result of 
fluctuations in temperature. During construction, the rockers were set so 
as to lie in a plane at right angles to the axis of the pipe at a temperature of 
55° F. while the pipe is full of water. Calculations indicated that a maximum 
displacement of 3 inches between the centers of the rocker pin and the support 
shoe could be anticipated when the pipe was empty and heated to 125° F. 

In the Spring of 1938, within three years after completion of construction, 
significant distress was observed at supports in the section lying north of the 
Malheur River and representing some 10 per cent of the total length of the 
siphon. The distress manifested itself as minor lateral and longitudinal move- 
ments of the piers; by lack of contact, while the pipe was empty, between the 
support bearing shoes on the pipe and the rocker arms on the piers (Fig. 4) ; 
as large offsets of the rocker arms; and by significant changes in elevation of 
the supports. The ground at the bases of the piers and anchors became dis- 
turbed and broken by small fissures. The pipe itself has been relatively un- 
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affected ; but in August 1942, a small dent appeared in the pipe at one point, 
and during filling of the siphon in the Spring of 1943 the settlement of the 
pipe back onto the rocker arms caused a wrinkle to develop in the top of the 
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pipe at another place. Signs of distress have been observed in the approxi- 
mately 247 feet of concrete pipe at the outlet end of the siphon, where the 
distress appeared as cracks in the pipe as wide as ¥4 inch. 

In the section showing support displacements, the siphon passes up the 
northern slope of the Malheur River valley at angles of inclination ranging 
from 1° 14’ to 15° 37’. Just north of the floodplain, the pipe passes through 
an unfilled trench, about 355 feet long, then over a small gully (Fig. 1), and 





Fic. 3. Typical rocker support in normal operating position. 


through a second shallow trench which is 175 feet in length. The siphon then 
crosses irrigated agricultural land (Fig. 2), which was placed in extensive 
irrigation only after construction of the siphon. The North canal leading 
from the siphon passes easterly from the outlet, along the hillside, whereas 
lateral N.C. 43.2 leads along the hillside in the opposite direction. 


SUMMARY OF SUPPORT DISPLACEMENT, 


General Statement.—In view of the observed distress at the piers and 
anchors, the 4,002-foot section between the river anchor and the outlet of the 
steel pipe was resurveyed in April 1938. Additional surveys were made in 
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October and November 1938, June 1942, and in April 1943. These surveys 
proved that the siphon supports had been actually dislocated since construction. 
Since none of the surveys was tied back to a fixed point away from the siphon, 
calculations of the longitudinal and vertical displacements are based upon the 
assumption that the river anchor had not changed in position. 


one y 





Fic. 4. Distressed support at designed Sta. 2261+19.98. Displacements prior 
to April 1943 had raised this pier only 0.05 feet, but piers to the south (right) had 
raised as much as 0.72 feet, thus lifting the pipe off the rockers. To bring the 
rockers into contact with the bearing shoe on the pipe, additional concrete was 
placed on the pier. By November 1945, the siphon has again been lifted off the 
supports. 


Offsets of the Rocker Arms.—As early as the Spring of 1938, the rocker 
arms at some of the piers were offset more than could be ascribed to tempera- 
ture changes or filling of the siphon, and at certain piers the offsets exceeded 
the displacements for which the rockers were designed ; in the survey of April 
1943 a maximum displacement of 0.45 feet was measured. The survey 
showed that along the last 2,052 feet of steel pipe all rockers, except those at 
3 piers, were deflected to the south (the downhill direction), whereas in the 
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section just north of the river anchor, offsets to the north predominated. At 
11 piers one or both of the arms were offset in excess of 0.20 feet. 

Longitudinal Displacements of the Piers—If the river anchor be con- 
sidered constant in position, the longitudinal displacements in the last 1,613 
feet of steel pipe may be calculated to range from 0.04 to 0.68 feet to the north 
(the uphill direction). Over the 2,362 feet of pipe just north of the river 
anchor both southerly and northerly displacements obtain, ranging from 0.73 
feet south to 0.28 feet north. 

Lateral Displacements of the Piers—In April 1943, a survey was made to 
determine the alignment of the last 2,114 feet of steel pipe, along which maxi- 
mum distress had been observed. If it be assumed that the pier at which the 
instrument was set (Station 2263+ 52.39) is in its original position, then the 
displacements of the other supports were mostly to the west, the maximum 
apparent movement being 0.58 feet to the west. 

Vertical Displacements of the Piers—As of April 1943, the piers on the 
floodplain had settled from 0.00 to 0.65 feet. Along the last 2,191 feet of steel 
pipe, most of the piers showed increases in elevation, a maximum rise of 1.07 
feet being measured at one pier (Figs. 5a and 5b). <A review of the results 
of the five surveys indicates that the increases in elevation have been pro- 
gressive and have taken place at a declining rate. 
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INVESTIGATION OF CAUSES OF THE DISPLACEMENTS. 


General Statement.—In 1943, a preliminary program of investigatiot % 
the foundation conditions was carried out. Twenty-four auger borings “UN 40 1946 | 
drilled on the line of the siphon; and samples from the borings, together \@ith ; 
data on the ground water conditions, were sent to the Denver laboratories ofegje MANHATTAN 
3ureau of Reclamation for testing and analysis. On the basis of the rest 
of the laboratory study, there was designed an extensive program of explora- 
tions into the subsurface conditions in the vicinity of the outlet end of the 
siphon. This program, involving the drilling and sampling of 14 drill holes 
adjacent to the siphon line and 29 auger borings on lines parallel and at right 
angles to the siphon, was completed in August, 1944. The location of all 
ae borings is shown in Fig. 2. The drilling program was supplemented by field 
had geologic study. 
the 
Was 
the 






~ NANSAS > 


Logs of the holes, in addition to the cores and auger samples, were sent to 
the Denver laboratory for study. 

Field Geologic Investigations —The bedrock in the vicinity of the outlet 
end of the siphon is the Idaho formation, which exceeds 4,000 feet in thick- 
bas ness and comprises fresh water shales and claystones, carbonaceous mud- 
ce My pf . 

stones, clays, loose sands, well-cemented sandstones, fine conglomerates, dia- 
‘ra- 5 ° +. 1 ° . F . . 
ed tomaceous earths, and volcanic tuffs.t Basaltic dikes cut the formation in 
ec 
pril 1 Washburne, C. W.: Gas and oil prospects near Vale, Oregon, and Payette, Idaho. U. S. 
vey G. S. Bull. 431: 26-55, 1911. 
7 3uwalda, J. P.: Report on oil and gas possibilities of eastern Oregon. Oregon Bureau of 
: Mines and Geology, 3: 37-45, 1921. 
the Kirkham, V. R. D.: Revision of the Payette and Idaho formations. Journal of Geology, 
39: 193-239, 1931. 
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some places, as at Malheur Butte, which lies 2,000 feet west of the Malheur 
River crossing. The beds of the Idaho formation dip in various directions 
at angles up to 50°. In the immediate vicinity of the siphon, the Idaho forma- 
tion is predominantly composed of shale, but beds of sandstone up to 35 feet 
in thickness occur in the shale body. The beds mostly dip 6° to 13° NE; but, 
locally, dips as high as 32° northwest or northeast have been observed. The 
shales and claystones contain virtually no sand; when wetted, they become 
slick and somewhat soapy to the touch, and readily slake. The formation in 
place is poorly bedded ; but closely-spaced, steeply-inclined joints are abundant. 

At the edge of the floodplain, the material immediately underlying the 
siphon changes from sandy loam and gravelly sand to light-colored clayey 
soil, representing weathered shale and claystone of the Idaho formation, and 
extending about 900 feet northwardly. When dry, this clayey soil is broken 
by abundant fissures which range from 4g to two inches in width and com- 
monly penetrate several feet into the underlying shales. The soil grades into 
the unaltered shales, and its thickness varies considerably. 

The last 1,627 feet of the steel pipe is underlain by fine sand, sandy loam, 
clay loam, and clays which rest upon the Idaho formation and attain a maxi- 
mum thickness of 38 feet. These sediments are lenticular and quite variable 
in permeability, stability, and composition. Between the outlet of the steel 
pipe and the end of the siphon, the surface is underlain at very shallow depths 
by alternating shales and sandstones. 

Soft sandstones and shales of the Idaho formation are exposed along the 
North canal and lateral N. C. 43.2, which lead away from the outlet of the 
siphon to east and west along the hillslope. Seepage was observed along the 
North canal east of the outlet, as is indicated in Fig. 2. 

Geologic Studies of Drill Cores and Auger Samples——The samples ob- 
tained from drill holes and auger borings were examined and classified in the 
Denver Laboratory by both soils testing and petrographic methods. On the 
basis of this study, geologic cross-sections were drawn of the materials under- 
lying the siphon. Such a cross-section in the plane of the siphon and extend- 
ing from the floodplain of the Malheur River to the end of the steel pipe is 
shown in Figs. 5a and 5b. 

The Idaho formation underlies the section between the river and the out- 
let. For the most part, the portions of the formation encountered in the drill 
holes and auger borings consist of shales and claystones, which may be desig- 
nated as “fat clays,” * according to a soils classification. Fractures and planes 
of shear, commonly stained by iron oxides, occur from the surface down to 
depths of over 70 feet. The permeability of the shales and claystones them- 
selves is very low, but the abundant joints and planes of shear will permit 
some percolation of water. 

A 6-foot bed of fine-grained tuffaceous and argillaceous sandstone, con- 
taining thin beds of claystone, was encountered in drill hole No. 11 within the 
Idaho formation. An apparently continuous stratum of sandstone, approxi- 
mately 35 feet in thickness, was encountered in drill holes Nos. 13 and 14. 


2Earth materials containing more than 70 per cent clay. 
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The Idaho formation in this portion of the section has a component of dip of 
9° toward the northwest in the plane of the siphon. 

Laboratory Testing—Four samples of undisturbed earth materials were 
obtained from the line of the siphon. Consisting of approximately one cubic 
foot of material, each sample represented a different facies from the founda- 
tion (Table 1). 


TABLE 1. 


SOURCE OF UNDISTURBED SAMPLES FROM THE FOUNDATION. 





‘ Ganihe Elevation | Depth to |Earth Material 
Material (Stati : | of top of top of | Laboratory 
Stations) | \ 
sample sample | Number 
lasetone in PIACE os. ss css Se ws 2260 +59 2281.5 1.8 | 7G-76 
Lean Clay (clay loam containing | 
chips of claystone)).. <6 6.66536 v5 2262 +60 2263.8 2.0 | 7G-77 
Silty Clay Loam Aa arabes shia cok s -.| 2266+12 2290.3 2.5 7G-78 
A Og) REO Seay. ge eat Ae arg 2275+41 | 2322.7 US: 7G-79 





Mechanical analyses and specific gravity determinations as well as free- 
swell and consolidation-expansion tests were performed on each sample. 
Estimations of the content of bentonitic clays were made through the use of 
tests designed for the detection of montmorillonite and related clay minerals." 
The results of these tests are summarized in Table 2. During the consolida- 
tion-expansion test * all four materials consolidated at all loads applied, the 
most significant reductions in volume being measured on the sandy loam 
(Sample No. 7G-79). The absorption of water produced swelling of only 
the claystone and the lean clay, which contained chips of the claystone. The 
results of the consolidation tests of specimens cut from the claystone (Sample 
No. 7G-76) are graphically illustrated in Fig. 6. During the test, the clay- 
stone expanded linearly more than 7 per cent (net) under a load of 5.0 pounds 
per square inch, or almost 8 per cent from the condition attained while un- 
saturated under the same condition of loading. Under a load of 20.0 pounds 
per square inch, the height of the specimen of claystone increased 0.10 per cent 


3 McConnell, D.: Notes on properties of bentonites. Bureau of Reclamation, Petrographic 
Laboratory Report No. Pet-44: 1-9, 1944. 

4 The consolidation-expansion tests were conducted in the following manner: (1) Three 
specimens were cut from each of three of the undisturbed samples, only two satisfactory 
specimens being obtainable from the sample of claystone (sample No. 7G-76). (2) The 
specimens were placed in containers and set in the consolidometers. (3) An adjustment load 
of 0.35 pound per square inch was applied and allowed to remain overnight. (4) Three 
specimens from each sample were loaded at 5.0, 20.0, and 40.0 pounds per square inch, re- 
spectively, for 24 hours, successive determinations being made on the height of the specimens ; 
the two specimens from sample No. 7G—76 were loaded at 5.0 and 20.0 pounds per square 
inch, respectively. (5) At the end of the 24-hour period, water was added to the con- 
solidometers so as to saturate the specimens, and readings were made for an additional 24 
hours; the tests were continued until expansions or consolidations virtually ceased. (6) The 
specimens loaded at 20.0 and 40.0 pounds per square inch, except those cut from sample No. 
7G-77, were unloaded to 5.0 pounds per square inch, this load being maintained for 24 hours. 
(7) All specimens were then unloaded to 0.35 pound per square inch (the adjustment load), 
and this load was maintained for 24 hours. Initial and final densities and moisture contents, 
as well as percolation data, where practicable, were obtained on the specimens used in the 
consolidation tests. 
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over the original height, or 1.15 per cent over the height attained while un- 
saturated. The clay loam containing chips of claystone (Sample No. 7G-77) 
showed a net expansion of 0.29 per cent at a loading of 5.0 pounds per square 
inch, or an increase of 1.70 per cent in the height of the specimen due to the 
absorption of water after 24 hours at the same loading while in an unsaturated 
condition. The absorption of water by specimens of the lean clay loaded at 
20.0 and 40.0 pounds per square inch, respectively, and by the specimens of 
silty clay loam and sandy loam, under all conditions of loading applied in the 
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Fic. 6. ‘Time-consolidation test curves on specimens of undisturbed bentonitic 
claystone from Idaho formation at Sta. 2260+59. 


tests, resulted in additional consolidations over the condition attained while 
unsaturated. 

It is to be noted that all facies of the sediments overlying the Idaho forma- 
tion were not tested. The lean clays, silty clays, medium clays, and fat clays 
within these sediments and from which appropriate undisturbed samples were 
not obtainable may have shown significant expansions in the consolidometer 


tests. 


GROUND WATER CONDITIONS NEAR THE OUTLET OF THE SIPHON. 


Ground Water in the Sediments Overlying the Idaho Formation.—Zones 
of saturation were encountered by many of the drill holes and auger borings 
in the sediments immediately overlying the Idaho formation. The position 
of the water table, as determined from the logs of the drillers, is shown on the 
cross-section in Figs. 5a and 5b, and is illustrated by means of contours in 
Fig. 7. The water table lies at the surface of the ground near the North 
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SUMMARY OF LABORATORY TEST DATA. 


Undisturbed Samples from the Foundation. 
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canal, east and northeast of the outlet of the siphon; and from that area to the 
siphon, it slopes approximately 6° from the horizontal to the southwest. In 
the plane of the siphon the water table lies between Stations 2266+20 and 
2277+40 at depths of 8 to 33 feet. 

The position of the zone of saturation and the slope of the water table 
indicate that the major proportion of the water occurring in the sediments 
overlying the Idaho formation was supplied by leakage from the North canal 
east of the outlet. Seepage from this portion of the canal was observed in 
the field (Fig. 2). The ground water apparently flows westwardly along a 
subsurface depression in the top of the Idaho formation, in part moving across 
the siphon line and in part flowing to the south parallel to the siphon down a 
small topographic depression near Station 2267+00. However, additions to 
the ground water are also derived from precipitation and irrigation. The 
report of the driller indicates that nearby irrigation caused significant rises of 
the water levels in drill holes Nos. 7 and 8. 

A zone of saturation, distinct from that previously discussed, lies beneath 
the flood plain of the Malheur River at a depth of about 10 feet in the valley 
alluvium. The ground water in this zone is supplied from the river and is 
undoubtedly independent of drainage from the North canal. 

Ground Water Conditions in the Idaho Formation.—Water-bearing zones 
within the Idaho formation were encountered by drill holes Nos. 4, 9, and 10. 
The deepest zone of free water was penetrated (in drill hole No. 9) at a depth 
of 63 feet—37 feet below the top of the Idaho formation. No water was en- 
countered within the Idaho formation by any holes which did not likewise 
reveal water in the overlying sediments. 


MECHANISM OF THE DISPLACEMENTS. 


Early in the investigations, it was considered possible that the distress of 
the supports was due to failure of the foundation under the horizontal thrust 
of the pipe against the anchors. This mechanism appeared especially plausible, 
since over the section showing distress the siphon is inclined upwardly to the 
north and the rocker offsets were to the south, thus suggesting a southerly 
and downhill shift of the pipe. However, resurvey of the supports in April 
1943 revealed that in the section showing greatest distress, the piers and 
anchors were actually displaced to the north or uphill direction. Therefore, 
the southerly offsets of the rockers reflected a merely relative southerly shift 
of the pipe; in other words, the pipe may have remained more or less station- 
ary so far as the longitudinal direction is concerned. If the distress of the 
supports were due to gravitational thrust of the pipe, only the anchors would 
have been significantly displaced and that displacement would have been in a 
southerly or downhill direction. Conversely, however, the 1943 survey re- 
vealed that adjacent piers and anchors were displaced to similar extents and 
in the same direction. Thus, the vertical rises and the uphill movements of 
the supports indicate that the displacements arise from shifts in the founda- 
tion which are not controlled by gravity. 

Consolidometer tests have shown that the bentonitic shales and claystones 








280 R. C. MIELENZ AND C. J. OKESON. 


of the Idaho formation are capable of significant swelling upon absorption of 
water, even under load. Thus, if unsaturated shales and claystones of this 
type received water subsequent to construction of the siphon, consequent ex- 
pansion of the materials could cause uplifts and horizontal displacements of 
the foundation. Supporting this view, a study of the geologic situation in the 
vicinity of the siphon, north of the Malheur River, reveals a relationship be- 
tween (1) the nature of the foundation materials, (2) the availability of water 
to the foundation, and (3) the displacements of the supports. Thus, con- 
sidering the section crossing the floodplain of the Malheur River, we observe 
merely slight horizontal displacements and small offsets of. the rockers; all 
vertical shifts are subsidences (Fig. 5a). Although the Idaho formation was 
not encountered in the auger borings, it is undoubtedly present beneath this 
section of the siphon. However, the foundation materials below a depth of 
about 10 feet were saturated prior to construction of the siphon, and loading 
of the piers resulted in merely minor subsidences as a result of compaction 
within the foundation. 

In the section just north of the floodplain the Idaho formation lies at the 
surface of the ground. No ground water was encountered by the borings in 
this section. However, runoff from rains or melting snow is received from 
the hillslope to the west of the siphon (Fig. 2). Between approximately 
Station 2256+35 and Station 2260+90, the siphon lies in a deep cut, which 
would permit accumulation of the run-off on the siphon line and would thus 
be conducive to higher degrees of saturation in the foundation materials than 
could have existed prior to construction. Large vertical and horizontal dis- 
placements of the piers and large rocker offsets were observed in this section. 

From Station 2262+35 to Station 2266+20 the Idaho formation lies at 
or just below the surface of the ground. No water was encountered in the 
borings, and little run-off can be received from the low slope to the west. 
Vertical displacements over this section were small. 

In the section of the siphon between Stations 2266+20 and 2277+40 the 
Idaho formation is overlain by sands, sandy loams, clay loams, and clays which 
total 8 to 38 feet in thickness (Fig. 5b). Throughout this section the lower 
portion of the sediments are saturated with water ; and near Stations 2274+94, 
2267+91, and 2266+71, water-bearing zones were encountered within the 
Idaho formation. The ground water in this section was largely derived by 
seepage from the North canal. Maximum vertical and lateral displacements 
occurred in this section, probably because water was not available to the 
foundation before the siphon was put in operation. 

In section between Station 2277+40 and the end of the steel pipe the 
Idaho formation is overlain by 13 to 33 feet of sands, sandy loams, and clay 


loam. No zones of ground water were observed; but water could be supplied 


to the foundation by seepage from the canals at the outlet of the siphon, by 
precipitation or run-off, or by lateral migration of water in a northerly direc- 
tion from the zone of saturation in the sediments overlying the Idaho forma- 
tion. The displacements of the supports are large in this section. 
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PREVENTIVE MEASURES. 


Measures to prevent further displacements of the siphon supports were 
recommended on the basis of the laboratory and field investigations. These 
measures were designed to stop penetration of additional water into the 
foundation and involved (1) lining of 2,000 feet of the North canal beyond the 
outlet of the siphon, and 1,000 feet of North canal lateral 43.2 with sealed 
asphaltic concrete ; (2) placing of a compacted earth blanket and excavating of 
drainage gutters in the trenches between Station 2256+35 and Station 
2265+00; and (3) removal of the agricultural lands from irrigation. Step 
1 has been completed (Fig. 2). Step 2 is contemplated. The necessity for 
step 3 will be determined on the basis of future surveys of the siphon line. 


CONCLUSIONS. 


The displacement of support structures over the northerly 10 per cent of 
the Malheur River Siphon was caused by swelling of bentonitic shales and 
claystones of the Idaho formation. The swelling took place as a result of 
penetration of water from canal seepage, local irrigation, and run-off into the 
foundation subsequent to completion of construction. Permanent repairs 
must be preceded by measures which will prevent further access of water to 
the foundation materials. 


DENVER, CoLoRADO, AND Bolsr, IbAno, 
January 21, 1946. 








DISCUSSION AND COMMUNICATIONS 


THE HARDROCK “PORPHYRY” OF LITTLE LONG LAC. 


Sir:—The recent paper of Mr. J. A. Reid discussing the “porphyry” of 
the Little Long Lac area revives a problem that will probably never be solved, 
but recording of this new evidence will no doubt stimulate further study and 
may lead to conclusive data being obtained. 

In many places the rock undoubtedly has a sedimentary aspect. On the 
surface the southern margin of the part originally exposed had a finely bedded 
appearance; this feature was so prominent in some of the drill holes across 
the contact with the greywackes, that it seemed difficult to avoid concluding 
the rock to be sedimentary. The detailed information of the conformable 
relation of the “porphyry” and the greywacke presented by Mr. Reid cor- 
roborates early observations limited to the surface and to a few specimens of 
drill cores. 

There are, however, certain features of the “porphyry” that are so dis- 
tinctive that I concluded that it must be an intrusive. . The facts and argu- 
ments set forth so clearly by Mr. Reid do not convince me that that opinion 
should be changed. It should be pointed out that my study was confined to 
the main mass of the porphyry as it was originally exposed on the Hardrock 
property. I have never seen the sinuous part of the body shown in Mr. 
Reid’s illustrations. I assume, however, from his article, that the whole body 
is lithologically uniform. : 

The analyses (p. 511) prove nothing as to the origin of the “porphyry.” 
The matrix of the conglomerate used for comparison is unweathered. Ac- 
cording to Collins it consists of “quartz and feldspar grains, composite rock 
fragments, scales of chlorite, etc.’ Thus its composition should not differ 
greatly from that of the igneous rocks, such as the Algoman granite, from 
which the greater part of its constituents was derived. In other words, 
using the chemical composition as the only criterion of origin, the arkose 
might be considered to be an igneous rock. 

Turbidity as noted in the feldspars of the “porphyry” is characteristic of 
the feldspars of many igneous rocks, even those in the post Timiskaming 
granites. It apparently is the result of formation of sericite or paragonite in 
the feldspars immediately following crystallization. In contrast the feldspars 
of the Little Long Lac greywacke are relatively pellucid since they have been 
cleared of many of their impurities during recrystallization. 

The evidence that I considered most cogent as to the origin of the 
“porphyry” is its similarity both in mineralogy and bulk composition to the 
rock in a dike that cuts greywacke and diorite at the Bankfield mine. The 
feldspars in the two are similar. The most marked difference is the presence 
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of orthoclase in the Bankfield rock, whereas the Hardrock porphyry contains 
none.* 

For these reasons I feel that the weight of evidence still favours an igneous 
origin for the “porphyry.” Its locally banded character is a structure in- 
herited from the greywacke which it invaded and more or less completely 
replaced. I have no explanation to offer for the remarkable shape of the 
mass, the great irregularity of which was not known at the time of my studies 
of it. 

EK. L. Bruce. 
QUEEN’s UNIversiry, 
KINGSTON, ONTARIO, 
February 15, 1946. 


1 Bruce, E. L., Little Long Lac gold area. Ont. Dept. of Mines, vol. 44, Pt. 3, 1939, p. 23. 











REVIEWS * 


Science in a Changing World, revised edition. By E. J. Caste, R. W. GETCHELL 
AND W. H. Kapescu. Pp. 622; figs. 329. Prentice-Hall, Inc., New York, 
1946. Price, $5.00. 


The 1940 edition of this book has been rather completely revised and brought 
up to date by additions of much new material that has appeared in the last six years, 
Naturally, new material on atomic fission, radar, electron microscope, weather, and 
weather forecasting has been added. More space is given to physical phenomena 
to meet the demand for this phase of scientific knowledge. 

The 43 chapters embrace parts of astronomy (rather strangely at the end), 
geology, chemistry, physics, meteorology and metallurgy. The chapter headings 
do not carry these names but are designated appropriately by such titles as “Time 
and Motion,” “The Story of Water,” or “The Earth’s Past.” Neither are the parts 
of the separate sciences grouped together but are interspersed in an interesting ar- 
rangement. Of the 43 chapters 2 are general, 17 deal with phases of physics, 9 
with chemistry, 6 with geology, 5 with astronomy, 3 with meteorology, and 1 with 
metallurgy. Some biological features are scattered throughout several chapters. 

The scientific principles set forth in the various chapters are translated into 
commonplace phenomena, machines and uses, and the reader is shown in simple 
language “what makes the wheels go around.” For example, the principles of force 
and motion demonstrate how a cream separator works, and electrical principles how 
and why the telephone, radio or television operates. 

The book supplies interesting and fundamental information about the physical 
sciences, and from it every lay reader can obtain a better understanding of the 
world in which he lives. 


Handbook of Nonferrous Metallurgy, 2nd edition. By Donatp M. Lippe Lt, 
Editor-in-chief. Vol. I. Principles and Processes, pp. 656; price, $6.50. Vol. 
II. Recovery of the Metals, pp. 721; price, $7.00. McGraw-Hill Book Co., 
New York, 1945. 


This comprehensive two-volume book is written by 36 outstanding authorities 
in the various fields of metallurgy. The first edition appeared in 1926. The 
present edition embraces the advances made since 1926 and follows the general 
plan of the first edition. Many additions and deletions are noted. 

Part I covers Principles and Processes and deals with drying, crushing and 
grinding, sampling, screening, classification, concentration, flotation, dewatering, 
fuels, pyrometry, roasting and sintering, refractories, separations, briquetting, 
power, plants, electric furnace and applied electro-chemistry. Part II deals with 
Recovery of the Metals by separate treatment of each metal. Under most of the 
metals something is given of the history, physical and chemical properties, mineral 
compounds, occurrence, deposits, mining, and production, followed by detailed 

* Books noted under Reviews and Books Received may be ordered through the Economic 


Geology Bookshop, M. M. Leighton, Urbana, Ill., but orders for official reports and single 
copies of Journals should be sent directly to their publishers. 
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treatment of the metallurgical methods utilized for extraction. Both volumes are 
profusely illustrated. Unfortunately, because of the quality of the paper imposed, 
many of the halftones are poorly reproduced. 

The two volumes appear to cover very comprehensively the entire field of metal- 
lurgy in detail not attained in other books. They should continue to serve as texts 
and references in the same manner attained by the preceding edition. Unfor- 
tunately the type is a bit small for easy reading, but that is probably necessary to 
encompass the great mass of data within two volumes. 


Bibliography on the Petroleum Industry. By E. DeGoLtyer anp H. Vance. 
Pp. 730. Bull. 83, Texas A & M College, College Station, Texas, 1944 (1945). 
Price, $2.00 unbound; $3.00 bound. 


This is a combination of DeGolyer’s personal bibliography of some 12,000 items 
with that of the Petroleum Engineering Department of the Texas A and M College 
and one on air lift by S. F. Shaw. The references are arranged under the follow- 
ing ten headings: General Data; Geographic Distribution; Physical and Chemical 
Properties, etc.; Exploration and Prospecting ; Geology; Development of Deposits; 
Production ; Transportation, Storage and Gaging; Refineries and Refinery Practice ; 
Economics of the Petroleum Industry. These are subdivided under some 900 
different subjects, using the decimal system. An alphabetical subject list at the end 
permits one to run down a desired article or subject, but author names are absent 
from this list. Also the arrangement under the subheadings is by title and not by 
author. For example, under Geographical Distribution, 100 to 199, is 134 Germany, 
with 514 pages of titles arranged chronologically. If one desires to look up about 
“Salt Deposits of Jessenetz in Germany,” by G. Geinitz, he won't find it under salt 
deposits or under Geinitz in the index, but by turning to the Decimal Index or Table 
of Contents, Decimal 134 leads to page 100, then by reading over a few pages of 
titles listed chronologically one will find what is desired. This, unfortunately, 
is a little awkward; numbered notations and an author index would have been 
helpful. However, the material is there and consequently the index will serve a 
very useful purpose to all petroleum people. 


Mineral Resources of the Missouri Valley Region. Missouri Basin Studies 
No. 1. 4 sheets. Compiled by D. H. Dow, D. M. LaArraser, S, E. CLABAUGH. 
Scale 1: 2,500,000. U.S. Geol. Survey, under agreement with the Bureau of 
Reclamation, Washington, D. C., 1945. Price, 40 cents each. 


This comprehensive set of colored maps, 38 X 48 inches, covers about one-sixth 
of the area of the United States and includes Missouri, Iowa, Kansas, Nebraska, the 
Dakotas, Colorado, Montana and Wyoming, and parts of Idaho, Utah and Minne- 
sota. The base gives drainage, towns, state and county boundaries. Simplified 
geology is depicted in five colors outlining areas of (1) Pre-Cambrian and younger 
intrusives, (2) volcanic rocks of all ages, and sedimentary rocks of (3) Paleozoic, 
(4) Mesozoic and (5) Cenozoic ages. Over this structure contours are super- 
imposed at 500-foot intervals. 

Part I depicts “Metallic Mineral Resources” in colors, symbols and abbrevia- 
tions. Legends carry explanations, and small inset maps show the location and 
value of production of metals by deposits and by counties; also, for the important 
metals, the locations of mills, smelters and refineries. 

Part 2 similarly covers “Nonmetallic Mineral Resources” except that the mar- 
ginal inset maps are lacking. 
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Part 3 covers “Fuel Resources.” Overcolors and striping outline (a) oil and 
gas fields, (b) gas fields, (c) medium and high volatile bituminous coal, (d) sub- 
bituminous coal, and (e) lignite and brown coal. Inset maps display (a) oil and 
gas, pipe lines, (b) oil refineries and natural gasoline plants, (c) value of coal pro- 
duction by counties, (d) value of oil production and (e) of natural gas production 
by counties. 

Part 4 covers “Construction Materials,” indicated by colors and symbols. Other 
symbols show plant locations for different materials. An inset map shows detailed 
locations of sand and gravel deposits in the Dakotas. 

The maps have been prepared by the customary high standard of the U. S. Geo- 
logical Survey and are comprehensive, usable and pleasing. The Survey is to be 
complimented and congratulated for an excellent job and an extremely useful set 
of maps. 


BOOKS RECEIVED. 
RICHARD J. ORDWAY. 


Carbon Dioxide in New Mexico. S. B. TaLMAGE AND A. ANpREAS. Pp. 7. 
State Bu. of Mines and Min. Resources. Cir. No. 9. Socorro, 1946. Origin, 
preparation, uses, processing and future prospects. 


Selected Bibliography on Coal in New Mexico. R. L. Bates. Pp. 3. State 
Bu. of Mines and Min. Resources. Cir. No. 8. Socorro, 1946. From 1903 on. 


Part 1: The Keene Dome, Northeast McKenzie County. C. Nevin. Part 2: 
The Subsurface Stratigraphy of the Nesson Anticline. W. M. Latrp. Pp. 
25; figs. 1; pls. 1. No. Dakota Geol. Sur. Bull. 21. Grand Forks, 1946. 
Drilling tests for oil and gas recommended for Keene Dome. Pertinent data 
on coring and abandonment procedure in the California Kamp well published for 
first time. 

Bibliography of the Geology and Mineral Resources of Utah to Dec. 31, 1942. 
B. F. StrincHAm. Pp. 99. U. of Utah Geol. Series, Vol. 1, No. 1. Salt Lake 
City, 1944 (1946). 


Brazil: Fomento da Produgaéo Mineral—Rio de Janeiro, 1945. Report 64. 
Contribuicao ao Estudo da Cassiterita no Nordeste (Contribution to the 
Study of Tin Ore in the Northeast). P. A. M. pe Atmempa Rotrr. Pp. 27. 
Brief description of occurrence of cassiterite in pegmatites. 


Report 66. Salitre na Bahia. G. M. pe ArAtUjo OLIverRA AND L. B. DE 
Aratyo. Pp. 66. Occurrence and analyses of nitrates. 


Report 70. Turfa no Ramal de SAo Paulo (Peat in Sao Paulo). J. Borcegs. 
Pp. 21. Peat deposits; usability. 


Report 72. Os Pegmatitos Berilo-Tantaliferos da Paraiba e Rio Grande do 
Norte, no Nordeste do Brazil (Beryl-Tantalite Pegmatites in Northeast 
Brazil). W.D. Jounston, Jr. Pp. 85; figs. 47. Well illustrated and de- 
tailed treatment on occurrence, origin and mining of the most important 
beryl-tantalite pegmatites in the world. 


Report 75. Relatério da Diretoria, 1943. A. I. pe Otiverra. P. 216. 
Covers production and mining of various metals and minerals of Brazil dur- 
ing 1943. 
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Spec. Pub. 6. Codigo de Minas e Legislacao Correlata (Mining Laws and 
Correlated Legislation). Pp. 283. Mining laws, amendments and decrees 
to date. 


Geology and Ground-Water Resources of Thomas County, Kansas. J. C. 
Frye. Pp. 110; figs. 13; pls. 6; tables 9. Kan. Geol. Sur. Bull. 59. Lawrence, 


1945 (1946). No permanently flowing surface streams but abundant ground- 
water. 


The Cheyenne Sandstone and Adjacent Formations of a Part of Russell 
County, Kansas. A. Swinerorp anp H. L. Wittiams. Pp. 65; figs. 9; pls. 
2; tables 4. Kan. Geol. Sur. Bull. 60, Part 4. Lawrence, 1945 (1946). De- 
tailed sections of sandstones and petrographic distinctions; chemical study of 
contained waters. 


Subsurface Geologic Cross Section from Ford County to Wallace County, 
Kansas. F. C. Epson. Vertical scale 1” = 200’. Kan. Geol. Sur., Oil and 
Gas. Inv. Preliminary Cross Section No. 1. Lawrence, 1945 (1946). 

Forty-seventh Annual Report of the Mining Industry of Idaho. For 1945. 
A. CAMPBELL. Pp. 282; ills. 38. Boise, 1946. Statistics, bibliographies and 
digests of companies and properties; Idaho produced gold, silver, lead, zinc and 
copper in 1945 valued at $36,370,800. 

Crude Petroleum and Petroleum Products, November, 1945. U. S. Bu. of 


Mines. Pp. 12; tables 15. Monthly Petroleum Statement No. P269. 
Wash., 1946. 


Amenability of Various Types of Clay Minerals to Alumina Extraction by the 
Lime Sinter and Lime-Soda Sinter Process. R. E. Grim, J. S. Macutn, 
W. F. Brapiey. Pp. 77; figs. 24; tables 12. Ill. Geol. Sur. Urbana, 1945 
(1946). Experiments with various types of clays to determine the character 
and quality of the alumina yielded from them, with mineralogical, x-ray, and 
thermal analyses of the sinters. 


" Illinois Mineral Industry in 1944. W. H. Voskuit anp D. F. Stevens. Pp. 90; 


figs. 14; tables 70. Ill. Geol. Sur. Urbana, 1945 (1946). Total value of min- 
erals produced during 1944 amounted to $333,697,782, chiefly coal and oil. In 
addition $202,357,378 of minerals was processed but not mined (chiefly coke, pig 
iron and sinc). 


The Bonding Action of Clays. Part II—Clays in Dry Molding Sands. R. E. 
Grim AND F. L. Curuspert. Pp. 36; figs. 17. Ill. Geol. Sur. Geol. Sur. Rep. of 
Inv. No. 110. Urbana, 1946. Tests on clay compression strength, compression 
strength properties, and air-set strength of cach class of bonding clay, with 
theory of bonding action and air-set strength. 

Light-Weight Aggregate. Geology by W. C. Morse; tests by T. E. McCurcHEon 
AND B. F. ManpLesBAuM. Pp. 56; figs. 9; tables 8; map 1. Miss. Geol. Sur. 
Bull. 61. University, 1945. One raw mineral, plus water and cement (5 vol- 
umes of aggregate to 1 volume of cement) will make a concrete about half the 
weight of gravel-sand concrete. This new concrete has insulating and moisture- 
resisting properties. The material is the fired product of Porter’s Creek clay 
or the Basic City claystone. 

Rock Wool. Geology by W. C. Morse; tests by T. E. McCurcuron. Pp. 19; 
figs. 4. Miss. Geol. Sur. Bull. 62. University, 1945. Good rock wool can be 
produced from the Selma chalk, quarried as a pit-run material. 
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Notes on Building-Block Materials of Eastern Oregon. N.S. WaAcNer. Pp. 
7; tables 4; price .10. Dept. of Geol. and Min. Res. No. 14. 1946. Abundant 
volcanic cinders and diatomaceous earth in castern Oregon can be used for 
fabrication of light-weight, fire-resistant construction blocks. Possible oppor- 
tunity for profitable new enterprise. 


Preliminary Geologic Map Taku River, Cassiar District, British Columbia. 
F. A. Kerr. Scale 1” =1 mi. Canada Geol. Sur. Paper 45-30. Ottawa, 1945 
(1946). 36 X 40 in.; blueprint. 


Recent Exploratory Deep Well Drilling in MacKenzie River Valley, North- 
west Territories. J.S. Stewart. Pp. 24; figs. 3; maps 2. Canada Geol. Sur. 
Paper 45-29. Ottawa, 1945 (1946). Norman Wells pool only one discovered 
to date, but region not adequately tested. Two main problems: great distance to 
markets and high transportation costs. 


Geology and Ore Deposits of the China Creek Area, Vancouver Island, British 
Columbia. J. S. Stevenson. Pp. 26; pls. 4; Geol. Map. British Col. Dept. 
of Mines. Victoria, 1945. Swmall gold-quarts veins in older andesite. 


Little Billie Mine, Texada Island, British Columbia. J. S. Stevenson. Pp. 15; 
figs. 4; photos 1. British Col. Dept of Mines. Victoria, 1945. Small copper- 
gold bodies in garnet-magnetite rock where diorite intrudes limestone. 


Geochemistry of Tantalum. K. RANKAMA. Pp. 85; figs. 1; tables 8. Bull. de la 
Commission Geologique de Finlande, No. 133. Helsinki, 1944. Tantaluwm-bear- 
ing pegmatites in Tammela shown as derivatives from tantalum-bearing granite 
in area. Hypothesis of origin of younger granites by partial refusion from the 
older ones. 


On the Use of the Trace Elements in Some Problems of Practical Geology. 
K. RANKAMA. Pp. 16; tables 2; pls. 1. Bull. de la Commission Geologique de 
Finlande, No. 126. Discussion of the use of minor elements in prospecting and 
geologic mapping. Investigation of enrichment of nickel in plant ashes. 


Geologic Map of Dyson Creek, Alberta. Scale 1”=1 mi. Canada Dept of 
Mines and Res., 1946. 22 X 26 in. in color, with text-book synclines. 


The Telluride-Bearing Andalusite-Sericite Rocks of Mangfallberget at Boliden, 
N. Sweden. E. Grip ann O. H. OpMan. Pp. 21; figs. 11; pris 1 kr. Sveriges 
Geol. Undersokning. Stockholm, 1942. Andalusite-corundum rock containing 
sulphides with the tellurides, tellurobismuthite and tetradyuute. 


Relations between Ore Deposition and Structure in the Skellefte District. 5. 
GAVELIN. Pp. 15; figs. 7; pris 0.50 kronor. Sveriges Geol. Undersokning. 
Stockholm, 1942. Ore bodies localized by structures imposed by folding. 


Geology of the Copper Deposit at Laver, N. Sweden. O. H. Opman. Pp. 35; 
figs. 14; pls. 2; tables 4; pris 1 krona. Sveriges Geol. Undersokning. Stock- 
holm, 1943. Hypothermal chalcopyrite-pyrrhotite ores in veins and breccias in 
part with skarn minerals; some cubanite and valleriite. 


On Thucholite and Natural Gas from Boliden. E. Grir anp O. H. OpMAN. 
Pp. 14; figs. 9; tables 5; pris 1.00 kr. Sveriges Geol. Undersokning. Stock- 
holm, 1944. A helium-bearing gas from old schists and an wranium-bearing 
graphitic material—thucholite. 
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Arsenic-Cobalt-Nickel-Silver Veins in the Lindskold Copper Mine, N. Sweden. 
S. GAVELIN. Pp. 18; tables 1; pris 0.50 kr. Sveriges Geol. Undersokning. 
Stockholm, 1945.- Paragenesis of an unusual group of minerals, resembling the 
Cobalt, Ont., ores but with much native arsenic and seolite. 


A Nickel-Cobalt-Silver-Mineralization in the Laver Copper Mine, N. Sweden. 
O. H. OpMAn. Pp. 10; figs. 10; tables 2; pris 0.50 kr. Sveriges Geol. Under- 
sokning. Stockholm, 1945. Native silver and arsenical compounds of cobalt, 
nickel and iron; excellent photo micrographs. 

Relatorio Anual do Diretor. Ano de 1942. Pp.72. Depto. Nac. da Producio 
Mineral. Rio de Janeiro, Brasil, 1944 (1946). Siwmmary of operations and 
statistics. 

Episodio da Ultima Epoca Inter-Glacial Permo Carbonifera no Parana. F. F. 
M. pe Atmetpa, Pp. 18; figs. 2. Min. da Agricultura. Div. de Geol. e Min. 
Rio de Janeiro, Brasil, 1945. On the last interglacial period of the Permo- 
Carboniferous. 

A Geologia de Niteroi na Tecténica da Guanabara. A. R. Lameco. Pp. 39; 
figs. 6; Geol. Map. Depto. Nac. da Producgao Mineral. Rio de Janeiro, Brasil, 
1945. Complicated tectonics of a gneiss-schist area. 

Geologia do Sudoeste Matogrossense. F. F. M. pe AtMempa. Pp. 118; figs. 19; 
photos 47. Depto. Nac. da Producgao Mineral. Rio de Janeiro, Brasil, 1945. 
General geology of a remote area east of Bolivia containing the Urucum man- 
ganese and iron deposits. 

Ciclo Evolutivo das Lagunas Fluminenses. A. R. Lameco. Pp. 48; figs. 38. 
Depto. Nac. da Produgao Mineral. Rio de Janeiro, Brasil, 1945. Interesting 
pictures and maps show development of coastal lagoons and bars. 


Informe Geoldgico-Econémico Preliminar sobre las Posibilidades de In- 
stalacion de una Planta de Cemento en la Republica de Haiti. V. M. 
Lorrz. Pp. 77; figs. 8; tables 29. Ingeniero de Minas-Geologo. Caracas, 
1945. Investigation of source materials for cement and economics of a cement 
plant in Haiti. 


Mineral Industries Research, Opportunities for Productive Work Through. 
Pp. 36. Penn. State Coll. Bull. 20. State College, Pa., 1946. Free on re- 
quest. Equipment and facilities available for mineral research, 


Geologia Economica Argentina: Metals. Telasco Garcia Castellanos. Pp. 
234. Univ. Nac. de Cordoba, 1945 (1946). Under each of the metals is given 
the history, uses, properties, prices, types of world deposits, and Argentine 
occurrences, production, values, imports and exports up to 1944; comprehensive 
and thorough. 


Distribution of Metals and Other Copper-Zinc Ores at Ravliden, Sweden. 
SveEN GAVELIN. Swedish Geol. Surv., Ser. C, No. 454, Yearbook 37, No. 3. 
Pp. 34; figs 12. Stockholm, 1943; pris 1 kr. Discussion and charts of metal 
distribution in copper and sinc ores in different parts of deposit and bearing on 
mineral genesis. Good. 

Bibliography of the Geology of Missouri. D. K. Grecrer. Pp. 294. Mo. Geol. 
Sur. and Water Res. Rolla, 1945. 


Recent Drilling in Northwestern Missouri. D. K. Grecer. Pp. 294. Mo. Geol. 
Sur. and Water Res. Rolla, 1945. 











SCIENTIFIC NOTES AND NEWS 


BENNETY FRANK Bute has been appointed Professor of Geology at the Uni- 
versity of South Carolina, Columbia, South Carolina. Dr. Buie was recently re- 
leased from service as a Major in the Engineers in the U. S. Army attached to 
the Persian Gulf Command. Before entering the service he was connected with 
the Standard Oil Company of California and the Seaboard Oil Company. 


L. A. N. lyer, Petrologist, Geological Survey of India, has been appointed Pro- 
fessor of Geology at Patna University, India, where a new Department of Geology 
has been opened. 


R. H. RAstary has been awarded the Lyell Medal by the Geological Survey of 
London. 


IAN CAMPBELL has returned to his duties as associate professor of petrology 
and associate chairman of the Division of the Geological Sciences at the California 
Institute of Technology in Pasadena. 

“aRL K, Nrxon resigned from his job of managing western explorations for 

I K. N1 gned { his job of ging t xplorations fot 
the Freeport Sulphur Company last August and is now with the Oliver Iron 
Mining Company, Duluth. 

Ernest F. BurcHarp has retired from active duty on the geologic staff of 
the U. S. Geological Survey, with which he had been connected since 1900, and 
is now a geologist on the staff of the Geological Survey of Alabama. 

Pau H. Price, Lieutenant Colonel in the Army Specialists Corps as mineral 
resources specialist, has returned to the’ West Virginia Geological Survey and his 
post as state geologist. 

Ricuarp J. Ennis, general manager of MclIntyre-Porcupine Mines, Ltd., 
Schumacher, Ontario, has been elected president of the Canadian Institute of 
Mining and Metallurgy for the coming year. 

Joun H. Wiesr, geologist with the U. S. Geological Survey, Washington, has 
returned from Korea, where he was attached to the Engineering Section, XXIV 
Corps, examining properties in the American occupied zone. 

H. R. Gavutt has accepted an appointment as assistant professor of geology 
at Lehigh University. 

Ricuarp H. JAuns joined the staff of the Division of the Geological Sciences 
at the California Institute of Technology in March. 


Ricuarp W. Situ, formerly district engineer with the Bureau of Mines at 
Tuscaloosa, Alabama, has been appointed assistant manager of the Natural Re- 
sources Department, Chamber of Commerce of the U. S. at Washington. 


KennetH DrP. Watson, who has been associate mining enginéer with the 
3ritish Columbia Department of Mines for the past two years, is now associate 
professor in the Department of Geology and Geography at the University of British 
Columbia. 
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J. M. Roms o, mining engineer with the U. S. Bureau of Mines, has been trans- 
ferred from the Rolla office of the Bureau to Tucson, Arizona. 


Drew F. Horsrook, geological engineer and veteran of the Army Air Force, 
has recently been employed by the Arkansas Resources & Development Commission 
to serve as an assistant geologist with the Division of Geology. 

GrEoRGE E. Woopwarp, a native Denverite, has assumed charge of the Denver 
office of the Metal Economics Division of the U. S. B. M. 

Gavin A. Drrom left by plane recently for Saudi, Arabia, where he will be em- 
ployed by Premier Gold Mining Co., Ltd., for the next six months. 


Ciirton W. Livineston, who has been with the Union Mines Development 
Corporation at Grand Junction, Colorado, for the past year, is now associate 
professor of mining engineering at the Colorado School of Mines, Golden. 

Rozert W. Cory, former Lieutenant in the Corps of Engineers, is working for 
the Magma Copper Company at Superior, Arizona. 


O. D. NiEpERMEYER has been appointed general manager of the Cia. Minera de 
Oruro, Oruro, Bolivia. He was manager of the Colquiri unit of the company. 


RANDALL E. Brown, formerly associate geologist with the U. S. Geological 
Survey, is now associate geologist with the U. S. Army Engineers, Pittock Block, 
Portland, Oregon. 


ROBERT SCHNEIDER received his discharge from the Army last October and is 
now back with the U. S. Geological Survey as geologist in the ground water 
division at Memphis, Tennessee. 


R. C. Gurscuick has resigned from his job as geologist with the Magnolia 
Petroleum Company in Oklahoma City to accept a similar post with the Aluminum 
Ore Company, Rosiclare, Illinois. 


Ropert M. Dreyer has been released from active duty as a Lieutenant in the 
U.S. N. R., and is returning to his former duties as assistant professor of geology 
at the University of Kansas. 


Joun G. BARAGWANATH has been named director of exploration of the Freeport 
Sulphur Company, heading its new program to find and develop mineral deposits 
in any part of the world. 


STANLEY W. Totten has resigned as geophysicist for the U. S. Coast and 
Geodetic Survey and has become geologist with the California Company. 


J. H. Henees, chief of the Tucson division mining branch of the Bureau of 
Mines, recently returned from an eight-month trip to Germany for the State De- 
partment and has resumed his duties at Tucson. 


E. T. Heck is now working with the New York State Museum at Albany after 
two and a half years as Lieutenant in the U. S. Navy. 


CLARENCE A. FREDELL has become manager of the mining division of the E. J. 
Longyear Company, Minneapolis, succeeding J. Murray Riddell, who left the com- 
pany last September to become professor of mining engineering at the Michigan 
College of Mining and Technology. 


The U. S. Geological Survey is making plans for research in the applications 
of geochemical methods to exploration for metallic mineral deposits by carrying 
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on tests on the dispersal pattern of weathering products from ore deposits under- 
going mechanical erosion and chemical solution. After working out suitable 
chemical tests field work will be undertaken. 


The A. A. P. G. held its annual meeting in conjunction with the Society of 
Exploration Geophysics and the Society of Economic Paleontologists and Min- 
eralogists in Chicago April 1-4, 1946. 


The Natural Resources Section, General Headquarters, Supreme Commander 
for the Allied Powers, has been functioning in Tokyo, Japan, since October 2, 1943, 
under the direction of Colonel Hubert G. Schenck. The four technical divisions 
(Agriculture, Fisheries, Forestry, and Mining & Geology) are staffed by specialists 
in their several fields. The chief of the Mining & Geology Division is Thomas A. 
Hendricks, who on April 6 numbered on his staff 61 scientists and assistants, A 
detailed survey of the mineral resources of Japan and Korea is under way. 


The Servicio Técnico de Mineria y Geologia of the Ministerio de Fomento, 
Venezuela, celebrated the tenth anniversary of its foundation in April. A booklet 
containing a summary of the activities of this technical branch of the Ministry of 
Development from 1936 to 1946 has just been issued by the government. Dr. Vic- 
tor M. Lopez, Director since 1937, has been largely responsible for the valuable 
geological and technical contributions made by this Servicio. Other prominent 
members of this department are Armando Schwarck, Geologist; John C. Davey, 
Consulting Mining Engineer; and Enrique Rubio, Petrographer. 


Research Fellowships for graduate study and Graduate Assistantships are open 
in Missouri School of Mines and Metallurgy to properly qualified applicants. 
Graduate work may be done leading to the Ph.D. degree or Master of Science 
degree in Mining, Metallurgy, Ceramics or Geology. Further details concerning 
these opportunities may be obtained from Professor J. D. Forrester, Chairman, 
Committee on Graduate Study, Missouri School of Mines, Rolla, Missouri. 

Puitie S. Smitru, Chief Alaskan Geologist, retired March 31 from the U. S. 
Geological Survey, which post he has held since April 1, 1925. 

CuHar-LEs F, Park, Jr., of the U. S. Geological Survey, has been appointed pro- 
fessor of geology at Stanford University, to be in charge of teaching and research 
in the geology of ore deposits and ground water. 

N. R. JUNNER has retired from the Gold Coast Geological Survey and has been 
appointed consulting geologist to the Selection Trust, Ltd. 

FRANK A. Swenson of the U. S. Geological Survey has been awarded the 
3ronze Star by the Navy Department for his outstanding contributions to the suc- 
cess of the Okinawa campaign, as a member of the Military Geology Unit of the 
Geological Survey. 
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